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卵レクチンとの相同性は, 45% (スチール-ツド卵レクチン:STLl), 52% (STL2),
42% (STL3), 45% (シロサケ卵レクチン:CSLl), 54% (CSL2), 42% (CSL3)であ
った｡ SMLの各ドメインには8個の半シスチン残基が存在しており,性状分析の結果
より分ったSMLの構造安定性に寄与していると考えられる｡ SMLのジスルフイド結合
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StructuralandfunctiotLal analysis of L-rhannose-binding lectins froth teleosteatL eggs
Introduction
Carbohydrates, sometimes in the form of oligosaccharides, are deeplyinvolved in awide mlge Of
biological phenomenaincluding keeping each cell in a certain community such as differentiation,
development, and intercellular adhesion of the cell, Cancer metastasis, infection, and immune defence
system, etc. It is important to pursue a research into the recognition mechanism between carbohydrates
and proteins, which may lead to the discovery of new therapeutic treatment･　Thereare nine
carbohydrates oRen found in mammaliancells, whichareused to produce a large number of molecular
species because of the configuration of each hydroxyl group,anomeric configurations to be formed in
glycosylation reactionsand the blanchingl　01igosaccharides as one of the bio-polymer, are therefore
discriminated from other linear polymers such as nucleic acidsandamino acids.　But cells use a limited
number of existing structures in various interactions in a highly specific manner (Kanemitu et all, 1 999)･
Analysis of the genomeand proteome assumes the focus of attentionineffOrts to relate biochemical
cording with cell functionality. Among other chores in energy metabolism, the talents of carbohydrates
to establish a high-densityCording system give reason for a paradigmatic shift･　The sequence
complexity of glycans and glycan-processing enzyme (glycosyltransferases, glycosidasesamd enzymes
introducing substituents such as sulfotransferases), the growing evidence for the importance of glycans
&om transgenic and knock-out animal models and the correlation of defects in glycosylation with diseases
are substantialassets to portray oligosaccharides are code words in their ownright. Matchingthe pace of
progress in the work on glycoconJugateS, the increasing level of refinement of our knowledge about lectins
(Gabius, et a1., 2002), which have accordingly been de抗ned as sugar-binding proteins of non-immune
origin that agglutinate cells and precipitate polysaccharides or a class of proteins of nonimmune origin that
bind carbohydrates specifically and noncovalently, as mediators of carbohydrate signals (Sharon and Lis,
1989), epitomizes the sphere of action of the sugarcode (functionalIectionomics)･ It encompasses,
among other activities, inter- and intarcellulartransport processes, sensor branches of innate immunity,
regulatin of celllCell (matrix) adhesion ormigrationand positive/negative growth control with implications
for differentiationand malignancy (Gabiuset a1., 2002).
Lectins have been known for more than a century as constitutions of plantsand as laboratory tools
foranalysis of specific sugar moieties･ Their commercial availabilityassociatedwith the conception that
lectinsare almost exclusively plant proteins. However, the past decades havewitnessed the emergence of
an insight into the presence and diversity of animal lectins･ Animals produce a variety oflectins, in both
membrane-bound and soluble forms, many of which have been implicated in ceu recognition phenomena
(SharonandLiS, 1989).　The ubiquitousanimal lectins establish that the carbohydrate poTtions of
glycoconJugates can transmit biologICally important informationvia the lectins and suggest that this may be
one of their most significant functions. Awide variety of biological phenomena have beenalso shown to
be related to animal IectinS, e.g., development, differentiation, morphogenesis, tumor metastasis, apoptosis,
RNA splicing, etc. (Hirabayashi et all, 1992 ; Hirabayashi and Kasai, 1993)･
The present state of knowledge pe-its us to organize the known animal lectins into several
categories depending on sequence simi1arityand common characteristics such as sugar binding specificity,
Conserved carbohydrate recognition domains and ion requirements, i.e., C-type, I-type, galectins,
pentraxins and P-type lectin (Gabius, 1 997)1
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C-Type1ectins are calcium-dependent carbohyhdorte-binding proteins of animal ongln.
Charbohydrate-binding activityof C-type lectins is based on function of carbohydrate recognition domain
(CRD) whose structure is highly conservedamong this family (Weisand Dickamer, 1996).　Calcitm is
not only directly involvedinthe carbohydrate binding itself at the binging site (Barondes et al･, 1994) but
also contributes to the structural inaintenance of the lectin domain that is essential for the lectins activity
(Powell and Varki, 1995)･ The C-type CRDs are incorporated in a variety of contexts of molecular
organiZation･ This fact may renect the importance of carbohydrate recognition in diverse biological
functions.　One of a subfamily of C-type lectins is the selectins, which are mainly responsible for the
initial leukocyte tethering toand rolling on the activated endothelial cells (Spriger et all, 1 990).
Galectins are defined as lectins having both β一galactoside-binging abilityand amino-acid sequences
which chamcterize galectins (Gabius, 1997). In general, galectinSare soluble and metal-independent in
their activib,.　TheyalSo hold many features of cytoplasmic proteins, i･e･, no disulfide bridges, no sugar
chains, no signal sequences, and in most case their N-acetylated amino-terminal amino acids residues･
However,their histological localization is diverse, not restrictedincytoplasm but also in nuclei, on cell
surfacesandinextracellular spaces, depending on the galectin species. Its secretion is little known, but a
speculative model has been presented in which a classical signalsequence is not required (Gabius, 1997)･
Galectins show wide biological distribution not only ln Vertebrates but also invertebrates including
nematodes, insects and sponges. And recently, the galectins of which have been proved to possess
galactose-binding activityhave been found in the fungers muchroom･ From the viewpoints of protein
architecture, galectinscan be classifiedinto three structural types (Hirabayashiand kasai, 1992and 1993);
(i) proto type, composed or only a single lectin domain, (ii) chimera type, Composed of heterogeneous
domains including a lectin domain, and (iii) tandem-repeat type, copmposed of two homologousIectin
domains.
トType lectins belong to a large group of proteins (Barondes et al･, 1994; Gabius, 1997)･ They
share the presence of an evolutionary ancient structural motif･ Due to its initial description for
immunogloburin (Ig) fold, and belong to members of the subgroup of animal lectins in the immunoglobulin
superfamily. An example is given by the cell adhesion molecule (CAM)･ They are transmembrane
glycoproteinSand important in cell-ceu adhesion･ Several CAMs have a roleinthe immune system, for
example, in antigen recognition and the adhesion of T-lymphocytes, and in the recognition of major
histocompatibility complex molecules (Gabius, I 997)･
Pentraxins are characterizedwith the discoid pentameric configuration of certain plasma proteins
(Weisand Drickamer, 1996)･ It applies to C-reactive preotein (CRP)with its unique propeny to
precipitate the pneumococcal somatic C-Polysaccharide by binding to its phosphocholin part, serum
amyloid P component (SAP)and the female protein of certain mammalian species such as hamster or rat･
CRP and SAP belong to the major acute-Phase reactant.　They appear to be engagedinearly host
defence.
P-Type lectins are mannose 6-phoshate receptorand their rolesare intracellular targeting of
lysosomal enzyme･ They share a common sequence motif in their extracytoplasmic domains (Weis and
Drickamer, 1996).　The P-type CRD motif has not been seen in any other proteins and is not related to
the C-type or S-type CRD motifs.　The finding that cation-independent mannose 61Phosphate receptor is
also the receptor for insulin-like growth factor, suggests that some of the domains may be active in binding
o血er ligand (Weis and Drickamer, 1 996; Gabiu5., 1 997).
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Recently, a novelanimallectin family, which has different structures aJld characteristics &om those
for known families, has been discovered (Tateno et a1., 2002).　Sincethis novel lectin family shows a
binding affinity to L-rhamnose, the血mily is called RBL血mily (Rhamnose-binding lectins)･ This lectin
family has been found in over 25 Species of fish belonging tO the orders Clupeiformes, Salmoniformes,
osmeriformes, Siluriformes, Perciformes,and Cypriniformes.　The lectins have been isolated &om fish
oocytes or ovaries･ The fish lectins, however, may also bind less avidly to other C-2and C-4 pyranose
analogs of L-rhamnose, e･g･, L-arabinose, D-fucose, and D-galactose･　L-RJlamnOSe-binding lectns
(RBLs) have been found not only in fish eggs butalso in sea urchin eggs･ RBLs斤om fish eggs ate
composed of two or three tandemly repeated domains, which consist of about 95amino acid resides (RBL
cRDs). A L-rhamnose-binding lectin (SUEL) &om sea urchin eggs is composed of a disulfidelIinked
homodimer of the RBL CRD, indicating that RBLs compnse a novelanimal family,and may play
important roles in animals･
Three RBLs, named STLl, STL2 and STL3, were isolated &om the steelhead trout (Oncorhynchus
mykiss) eggs and their tissue distribution showed that STLl had different distribution and expression
profiles from those ofSrIl･2 and STL3 (Tateno et al･, 2002)･ AlthoughSTLI could be detected in several
tissues and cells such as spleen, thrombocytes, blood leukocytes,and serum, of both male and female
steelhead trout as well as in the ovary, the STLl mRNA was restricted to the liver. In contrast, the
proteinsand mRNA of STL2 and STL3 Were detected in the cytoplasm of oocytes, but not in other ovarian
tissues. STLs were mainly localized in the cortical vesicles in the oocytes of all stages,and were then
released into the perivitellin space just aRer fertilization (Tateno et al･, 2002)･ These results indicate that
sTLl expressed in the liver is transported to the immune system and oocytes via the blood stream･ On
the other hand, STL2 and STL3are ovary-specific proteins, whichare expressed specifically in the oocytes
and accumulateinthe cortical vesicles.
sTLs agglutinated Gram-negativeand Gram-positive bacteria by recognlZlng the structures of
lipopolysaccharide (LPS) and lipoteichoic acid (LTA) on their surfaces, respectively (Tateno et al･, 2002)･
sTLs showed much higher binding activityto smooth LPSs containing L-rhamnose in the repeating unit of
o-antigen than to rough LPSs and lipid A lacking 0-antigen, indicating that the chemical structure of O-
antigen was important for LPS-binging Sn･S･ SrILs also inhibited the growth of some bacterial With
consideration of these results, it is probable that RBLs may function as non-self recognition moleculesin
the innate immunity not only in the eggs but also in the adult fishes･
Fish are in intimate contactwith their environment, which contain very high concentration of bacteria
and viruses. The integumental defenses provide a physical and chemical bamier to the attachmentand
penetration ofmicrobes･ Besides the entrapplng and sloughing ofmicrobesinthe mucus･ the latter
contains many antibacterial substances including antibacterial peptides, lysozyme, lectins and proteases･
Lectins have been isolated from a number of fish but evidence for their role in defense is only recently
comlng tO light･ A marLnOSe-binding lectin, isolated from the serum of Atlantic salmon, has been shown
to have opsonising activity for a virulent strain of Aeromonas salmonicida, and furthermore, lectin-coated
bacteria induced the macrophages to produce an enhanced respiratory burstand were more susceptible to
being killed by the macrophages (Ottinger et al･, 1999)･ An N-acety1-galactosamine-binding lectin has
been isolated from the serum of blue gourami(Fock et al., 2000). This lectin was shown to have
opsonising activityand lectin-treated virulent Aeromonas hyd･ophila cells were killed in the presence of
complements.　Furthermore, the supematant obtained丘om lectin-stimulated macrophage cultures
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exhibited significant bacterial-killing activities (Ellis at al･, 200 1)･
In this study,the authors isolatedand characterized L-rhamnose-binding lectins kom ayu (sweetfish,
plecoglossus altivelis) eggs, determined the complete amino acid sequence of the lectin (SFL),and
discussed the molecular evolution of RBLs among teleosts to revealtheir biologlCalfunctions.
Furthermore,the author investigated the reactivityof RBLs tothe spores of Glugea plecoglossi, which is a
microspodian parasite of ayu･　RBLs bound to the surface of the sporesand agglutinated them,
depending on the concentration of RBLs･ The binding could not be inhibited strongly with simple sugars
including L-rhamnose, indicating the presence of highaffinitybinging sites for RBLs on the spores･ To
investigate the effect of RBLsinthe fish body, the author used a fish cell line･ RTG-2, gonadalcell line
derived &om Oncorhynchus mykiss. RBLs used in this study were &om chum salmon (Onchorhynchus
keta) egg lectins, CSL3･　Theamino acid sequences of CSLs are highly homologous to those
corresponding STLswith 94 to 97% identity･ RTG-2 cells were treatedwith various concentration of
csL3, then totalRNA were extracted &om the cell･ The expression of cytokine genes was investigated
by RT-PCR to reveal that CSL3 induced IL-8, but not ILllβ or TNFα･
1. Isolation and characteri2:ation of L-rhamnose-binding lectins from eggs of ayu (sweetfish,
PLecoglossus auiveLis)
Introduction
LRhamnose-binding lectins (RBL) have been isolated kom various fish eggs, such as Salmonidae
(Kamiya, et a1., 1990; Bildfell, et all, 1992; Ozeki, et all, 1983; Yousif, et a1., 1994), Osmeridae (Hosono, et
a1., 1993), Cyprinidae (Krajyanzl et all, 1985 and 1978; Lam et al･, 2002), Percidae (Anstee et al･, 1973),
cobitt'dae (Hosono et a1., 1993) and Siluridae (Hosono et al･, 1999), Plecoglossidae (Sakakibam et al･,
1985). In Salmonidae, RBL Bom the eggs of three fish species, steelhead trout (Oncorhynchus mykiss)
(sTL1-3) (Tateno etal･, 1998), chum salmon (Onchorhynchus keta) (CSL1-3) (Shiina et a1., 2002), and
white-spotted charr (Salvelinus Leucomaenis) (WSLl and 3) (Tateno et all, 2002), were isolated･ The
amino acid sequence homologleSamOng STLl, CSL2and WCLl, STL2 and CSL2, STL3, CSL3 and
wcL3, are more than 90%･　These RBLs have similar tandemly repeated structures; that is･ theyare
composed of three (for STLl, CSLl and WCLl) or two (STL2, 3, CSL2, 3 and WCL3) tandemly repeated
domains. The repeated domains may correspond to carbohydrate recognition domains (C良D), which
consist of about 95 amino acid residues.　The RBL CRD motif can be characterized by highly conserved
8 half-Cys residues at the homologous positions and several highly conserved segments ; Ala-Asn (Leu)-
Tyr-GIy-Arg in the N-terminal region andAsp-Pro- Cys-X-Gly-Thr-Tyr-Lys-Tyr-Leu-Glu (Asp)inthe C-
teminal reglOn　(Ozeki et a1., 1991; Hosono et al･, 1999; Tateno et all, 2001)･ The phylogenetic
tree constructed &om RBL CRDsindicates that theancestral gene of the CRD have diverged and evolved
by gene duplication and/or exson shufning, producing new forms to play their own roles in various
organisms (Tateno, 2002)･
The amino acid sequences among RBLs from teleosts show less than 50% homologleS･ Although
a number of fish egg lectins have been isolatedand characterized in terms of biochemical properties in the
past three decades, the biological functions and structures remain unclear･ The purpose of this study was
to investigate the distribution and molecular evolution or RBLs among teleosts to reveal their biologlCal
functions. Firstly, the authors isolated RBLfrom ayu (sweetfish, Plecoglossus altivelis) and determined
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its amino acid sequence.
E叩rimetLtal procedures
Materials
Ayuwitheggs were obtained舟om a localfish ma止d or Nakamita nursery.　Sepharose 4B and Hi-
Trap Q were purchased斤omAmercham Pharmacia Biotech (Upbsala, Sweden)･　Achromobacer
protease I (Wako Chemicals, Osalq Japan), endproteinase Argt,and endoproteinaseAsp-N (Roche
Diagnostisc, Mannheim, German) were used to analyze the amino acid sequence of SFL
Isolation of avu egE! lectins
Eggs (500 g) were homogenizedwith lL of20 mM TriS-HCl buffer (pH 8･0)/0･5 M NaCl (TBS)and
centrifuged at 15,000 x g for 30min at 4oC･ The supematant wasmixedwithL一山mose･Sepharose 4B
gel (90 ml),andthe suspension was incubated at 4.C ovemight･ Unabsorbed substances were removed
by washingthe gelwithTBS･ The gel was packedina glass coltm (2･5 X 22･5 cm), washedwithTBS,
and thenthe absorbed substance was elutedwith0.2　M L-rhamnose　inTBS.　The舟adonswith
signincant absorption at 280 nm were collected, dialyzed against distilled waterand lyophilized･ The
lectin舟actions were subjected to anion exchange chromatography on a Hi-Trap Q column (5 m1,
Pharmacia) pre一明uilibratedwith20 mM TriS-HCl buffer (pH 7･0),and elutedwitha liner gradient ofNaCl
in the same buffer. Unabsorbed斤adonsand absorbed factionswere collected, respectively.　These
舟actions were dialyzed against distilled waterthoroughlyand then lyophilized･ Unabsorbed舟actions were
subjected to anion exchange chromatography on a Hi-Trap Q column pre一明uilibrated with20 mM TriS-
HCl buffer (pH 8.3),and elutedwitha liner gradient ofNaCl (0 to 1 M) inthe same buffer･ Unabsorbed
斤actionsand absorbed fractions were collected, respectively. These斤adons were dialyzed against distilled
waterand then lyophilized･
HemaEglutination assay
The activityof lectins was estimated by hemagglutinating activityagainst rabbit erythrocytes･
Samples were dilutedwith50 Lll of O･15 M NaCl onmicrotiter plates,andmixedwith50 8Al of 2% rabbit
erythrocyte suspension for lOmin･ The mixture wasallowed to stand at room temperature for 30 min･
and thenthe hemagglutination activitywas measured visually･　The hemagglutinating activitywas
dehed as the titer value of maximum dilutionwithpositive agglutination of 1 % ral)bit erythrocytes.
The inl1ibitory effects of saccharides on hemagglutination were assayed as follows･　The
saccharide solutions (25ト11) tested inthis study were diluted 2lfold in series on microtiter platesand
incubated with 25 Ill 0f the lectin solution having hemagglutination titer values of 23 for 15 min. The
rabbit erythrocyte susperwion (2%, 50 pl) was added tothe mixture andincubated for 30min･　The
inl1ibitory activities were estimated by theminimum concentration of sugarneeded to cause negative
hemagglutination ･
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE ) analysis
SDS-PAGE was carried out on 15% polyacrylamide slab gels inthe presence or absence of 2-
mercaptoethan01 (2-ME) (Laemmli, 1970)･　Sample solutions weremixedwiththe equivalent volume of
sample buffer (125 mM Tris-HCl buffer, pH 6･8, 43% SDS, 30% glycerol, 0.01% bromophenol blue).
A氏er gel-electrophoresis, proteins were stained Coomassie brilliant blue R-250.　Bovine serum albumin
岬SA) (MW 66,000), ovalbumin (MW 45,000), carbonic anhydrase (MW 29,000), myoglobin (MW
1 8,000) and cytochrome C (MW I 3,000) were used as standard proteins.
Subunit structure of SFL
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The subunit structure of SFL wasanalyzed by gel-61tration chromatography.　SFL was dissolved
in 0.25 M sodiumphosphate buffer (pH 6.9)/015 M NaClandanalyzed by gel-filtration HPLC on a coltmn
of PC300S(-) (4.6 mm x 250 mm, Shiseido, Japan) at O･2 ml/min using the same buffer･ Eluate was
monitored by absorption at 280 nm. Bovine serum albumin (67,000), ovalbumin (45,000), carbonic
anhydrase (29,000), trypsininhibitor (2 1,000),and myoglobin (1 8,000) wereused as reference proteins･
PTqdon of S-caTtmXamidomcthyl血(CAMTSFL
sFL dissolved in 400卜l ofO･4 M NH4HCO3 COntaining 8 M urea were reducedwith 50 l▲l of45 mM
dithiothreitol (DTT) at 50oC for 15 minand reactedwith 50 lil of 100 mM iodoacetamide for 15min at
room temperaturewith shieling舟om light to convert tteshly generated cysteine residues into SI
carboxamidomethyl cysteine residues･
Molecular mass measurements of protein
The molecular mass of SFL was measured by matrix-assisted laser desorption ionization time of
flight (MALDl-TOF) mass spectrometry (Voyager-DETM srrR, Applied Biosystems)･ For MALDI-TOF
mass spectrometry, proteins were embedded in a sinapinic acid (3,5-dimethoxy-4-hydroxycinnamic acid)
matrix, which absorbs UVl1ight, foranalysIS. Desorptionand inonization of themixed sampleand
matrix were induced by nitrogen laser at 377 nm with a pulse widthof3 ns･ About one hundred single-
shot spectra were averaged to improve the signal-to-noise ratio･　A second measurement was done with
insulin(Mr 5,734.5) (bovine pancreas, Sigma) as an extemal standard･ Thus, it was possible to measure
the molecular mass of the samples withanaccuracy of ± 0･1%･
_A_min° acid sequenceanalysis
cAMISFL (1 mg) was dissolved in 800 pJl of O･2 M NH｡HCO3 containing 2 M ureaand digested
with Achromobacterprotease I (S侶- 50 : 1) at 37oC for 24 h･　　CAM-SFL was also digestedwith
endproteinase Arg-C kom Clostridum histolyticum (Roche Diagnostisc, Mannheim, German) (S/E - 100 :
1) in90 mM Tris (pH 7･6) Containing 8･5 mM CaC12, 5 mM DTT, 0･5 mM EDTA and 4 M urea at 37 oC f♭r
24 h. CAM-SFL was digestedwith endoproteinaseAsp-N斤om PseudomonasPagi (Roche Diagnostisc,
Man血eim, Geman) (S侶- 200 : 1) in loo mM Tris (pH 7･6) containing 10 mM CaC12 and 2 M urea at 37
｡c for 24 h. Each digest was separated by feversed-phase high-performance liquid chromatography
(HPLC) on a TSKgel ODS 120T column (5叩1, 4･6 X 250 mm) (Tosoh, Tokyo, Japan) using a gradient of
acetonitorile in 0.1% trinuoroacetic acid (TFA).　Theamino acid sequences of protein and peptides were
determined by a gasIPhase protein sequencer (PPSQ-1 0 and PSQ1 1 ; Shimazu).
Results
Isolation of SFL
The purification steps of SFL is shown in Fig･ I-1･ A lectin fraction was obtained舟om ayu eggs by
means of atrlnitychromatography on L-rhamnose Sepharose 4B (Fig. I-2)･ Then, the lectin缶.action was
purified by anion exchange chromatography on a Hi-Trap Q column (5mi) equilibratedwith 20 mM TriS-
HCl (pH 7.0) and elutedwith a NaCHinear gradient in the same buffer (Fig･ I-3)･ The &action was
separated asanunabsorbed and two absorbed斤actions･ The unabsorbed hction was further purified by
anion exchange chromatography on a Hi-Trap Q column equilibrated with 20 mM Tris-HCl (pH 8･3) (Fig･
I-4). This &action was separated as a main peak, named SFL, and a minor peak･Asa result, SFL and
three isolectins were obtained from the ayu eggs in this study.　The yield of SFLfrom 500 g of eggs
was 60 mg (Table I-1).　Theminimum concentration of SFL needed to agglutinate rabbit erythrocytes
was lug/ml. SFL gave a slngle band at near 30 kDa on SDS-PAGE in the absence or presence of2-ME
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(Fig. Il5), indicating that it possessed no inter-subunit disulfide bond. Futhermore,the molecularweight
of SFL was estimated to be 29 kDa by geIIGltration chromatography (Fig. I16).　MALDI-TOP mass
spectrometry of SFL gave a peak at 3012 kDa (Fig･ I-7)･　These results indicated that SFL existed as a
mOnOm¢r.
Sugarbinding specificities of SFL
ln the hemagglutination inhibition assay using rabbit erythrocytes, L-rhanmose was the most potent
monosaccharide inhibitor for SFL (Table I-2).　Melibiose, raffinose, L-aJabinose, D-galactose and D-
fucose, which possess the same hydroxyl group orientation at C2and C4 of the pyranose nng structure of
L-rhamonose (Fig. 1-8), also showed inhibitory effects.　On the other hand, other monosaccharides tested
showed no inl1ibitory activityeven at concentration of 0.2 M.
Amino acid sequence analysis
The enzymatic digests of CAMISFL prepared with Achromobacter protease I, endproteinase Arg-C
and endoproteinaseAsp-N were separated by reversed-phase HPLC as shownin Fig. I-9, Fig. I-10, and Fig.
l･11, respectively.　Obtained peptides were designated Lys-X for CAM-SFL digested with
Achromobacter protease I, Arg-X for CAM-SFL digestedwith endproteinase Arg-C,andAsp-X for CAM-
SFL digestedwith endoproteinaseAsp-N, respectively.　The sequence determination of thepeptide
Bagments derived from various enzymatic digestions allowed to establishthe complete amino acid
sequence ofSFL as shownin Fig･ I-12･　SFL was composed of287amino acid residues with a molecular
mass calculated to be 30,355 Da, which was in agreementwith the value (30 ,249 kDa) obtained from
MALDI-TOF mass spectrometry.　SFL contained　24　half-Cys residues.　Database search for
homologous sequences revealed that various proteins showed sequence homology to SFL.　　Fig. I- 1 3.
shows sequence homologyamong Silurus asotus (catfish) eggs lectin (SAL) (Hosono et a1., 1999),
Osmerus Lanceolatus mardax (olive rainbow smelt) roe lectin (OLL) (Hosono et a1., 1993), STLIs (Tateno
et a1., 1998), CSLs (Shiina et a1., 2002), WCLland 3 (Tateno et al., 2002),and Anthocidaris a･assispina
(sea urchin) eggs (SUEL) (Ozeki etal･, 1991) in comparisonwith SFL･　SFL was homologous to OLL
(69%), STL2 (46%), CSL2 (45%), WCL3 (42%), CSL3 (42%), STL3 (41%), SAL (40%), SUEL (34%),
Sn,1 (31%), CSLl (31%),and SAL (30%)･　SFL was composed of three tandemly repeated domain
structures divided into 97, 97, and 93 amino acid residues (Fig. I-14).　Fulthermore, all half-cysteine
positions or each domain were completely conseⅣed･　Sequence homologleS among three domains
named N (I-97), M (98-194),and C (1951287) were as followed; N-M, 69%; MIC, 65%; N-C, 68%.
SFL had two very characteristic peptide motifs,　-(AN)YGR(TD)-　(YGR-motif)　and
-DPCX(G)T(Y)KY(L)- (DPC-motif), at the N- and C-terminalregion of each domain, respectively, as
o血er RBLs (Ozeki et a1., 1991; Hosono et a1., 1999; Tateno et a1., 2001).
Discussion
Tn 1998, Tateno et al. reported a novel lectin family &om steelhead trout eggs that recognized L-
rhamnose.  In the past three decades, a number of fish egg lectins have been isolated and well
characterized in terms of biochemical properties.　Sakakibara et al. (1985) reported the existence of L-
rhamonose-binding lectin in ayu eggs. ln the present study, the author isolated and characterized SFL
from the eggs of ayu.　The complete amino acid sequence of SFL was determined (Fig. I-12).　SFL
was composed of 287 amino acid residues and of three tandemly repeated domainSwith molecularmass
calculated to be 30,355 Da･ The R8L CRD motif can be characterized by highly conserved 8 half-Cys
residues at homologous positionsand several conserved segments, such as YGR-motif and DPC-motif (Fig.
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1114).　The carbohydrate-binding specificityof SFL was similar tothose of other RBLs･　nLe
hemagglutinating activib, of SFL was most effectively inhibited by L-rhamnoseand weakly inhibited by
melibiose, L-arabinose, D-fucose, D-galactose, and raffinose.　These results indicate that RBLs
commonly recognize the hydroxyl group orientation at C2and C4 of sugar･
The phylogenetic tree of RBLs was constructed based on the amino acid sequences of 12 lectins
&om 7 Species (Fig. I-15)･ It is likely that RBLs have been diverged followlng Phylum, order, family,
and genus.Another phylogenetic tree was made &om the 28 CRDs (Fig･ I-16)･ Tateno et al, (2002)
proposed that the ancestralgene of RBL CRD had divergedand evolved by gene duplication and/or exon
shuming･ In tandemly repeated domains, such as STLl, CSLl, WCLl,and SAL,the domains can be
mainly classifled to two by the phylogenetic tree: RBL-N and RBL-M/-C･ Therefore, flrStly, the domain
of RBLmight have diverged to RBL-Nand RBL-ancient C by gene duplication･ Then the RBL-ancient
c domain might have diverged to RBL-Mand RBL-C by gene duplication･ On the other hand, each
domain or SFL shows about 70% homologies, S喝geSti喝that the SFLM domains might have diverged･ to
SFLIN and SFL-C by duplication. Interestingly,although ayuand olive rainbow smelt belong to the same
order, Osmeriformes (Fig. I-17), the domain structures of SFLand OLLare different; SFL is composed of
three tandemly repeated domainstructure, while OLL is composed of two tandemly repeated domain
structure. Theamino acid sequence of SFL is highly homologous to that of OLL (69%), suggesting that
these lectins may play similar biologlCal roloes･　Three tandemly repeated domain structure may have
higher activitythan two tandemly repeated one･ Furthermore, the presence of multiple domains that
have been generated by molecularevolution must have some advantages for the biodefense system, that is,
each domain having different specificities canrespond to a wide range ofbacteriaand parasites･
Recently, the molecularevolution of lectins is investigated･　For example, to elucidate the
molecular evolution of galectins　and galectin-like proteins in chordate, Houzelstein etal･ (2004)
investigated three independent line of evidence: (i) location of galectin encording genes; (ii) sequence
comparison ofCRDs; (iii) exon-intron organization of galectins encoding gene･ So they have shown that
tandem-repeat type galectins derived from anancestral tandem-duplication of a mono-CRD galectin before
or early in chordate evolution･ Since then, their N-terminaland C-terminal CRDs have independently
evolved so that tandem-repeattype galectins cannot be strictly considered as tandem-repeatany longerl
on the other hand, to obtain further infomation about the molecularevolution of two galectinsfrom the
skin mucusof conger eel (Conger myriaster) (congerin), Ogawa et al･ (2004) computed the number of
nucleotide substitution per site (KN) for the non-coding regions, and the numbers of nucleotide substitutions
per synonymous site (Ks) and per nonsynonymoussite (KA) for the protein cording regions･ Hence they
indicated that congerins have evolved via accelerated substitutions ofamino acid･
2. ITtteraCtion of L-rhamttose-bittdittg lectitts from fish eggs　with the ttticrosporidiatI Gtugea
plecoglossE'
Introdtlction
Glugea plecoglossi (Microspora) is a significant cause of economic lossinayu, Plecoglossus altivelis,
culture in Japan, due to the unsightly appearance of infected fish harbouring xenomas in the body cavity
(Fig, II-1) (Lee et al, 2004). Microsporidians in general produce a massive number of spores, each
possesslng a POlar tubeand infectious sporoplasm for transmission･　When the spore is properly
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stimuhted, its sporoplasminvadesthe target host cell throughthe extruded polartube, imitiating the
in氏ction (Canning and Hollister, 1987).　Lee etal. (2004) indicatedthat G. pZbcoglossitenters鮎h
throughskinwoundsand the gut epithelium, and this followed bymigrationand development of injured
sporoplasm. Transmission of G･ plecoglossi in naturally diseased ayu is likely to occurperorally rather
than ･via skin, inthe light of different xenomas-forming sitesinthis species.　Subdermalxenoma,
in触quently recognized in naturalinfdons, are probably due to water-bone transmission viathe skin,
which may occur secondarily a鮎r xenoma dissolutionand spore release into the culture environment.
Glycoconjugates ale abundantand ubiquitious onthe surface of many protozoan parasites.　The
surviValstrdegies of protozoanparasitesfrequently involvethe participation of glycoconjugates that form a
protective barrier against hostile forces (Anuradha etal･, 2001).　Leiro etal. (1996) showedthat spores
trdwithsodiumperiodate (to modifythe structure of surface sugars) were less e飴ctively ingestedthan
untreated spores, suggestingthat phagocytosis ofmicrosporidianspores involvedthe recognition of such
sugars bythe phagocytic celIs･ It wasalso reported that lectin-reactive components of G. plecoglossi
were related to spore phagocytosis by ayu macrophages (Kin et a1., 1 999).
In this study, the authors investigatedthe reactivityof RBLs kom chumsalmon eggsand ayu eggs
toward GI Plecpglossi spores･　RBLs bound tothe surface of the sporesand agglutinad them, depending
onthe concentration of RBLs･ The binding could not be inhibited stronglywithsimple sugars including
L-dlamnOSe, indicdingthe presence of high a爪nitybinging sites for RBLs onthe spores.　Fu仙ermore,
tb binding activityof various lectiru towardthe spores wasalso investigated.
Experhental procedures
Materials
Glugea Plecoglossi spores were kindly provided by Dr･ Yokoyama (Department of Aquatic
Bioscience, Graduate School of Agriculturaland Life Sciences,the Universityof Tokyo)咋ig. II-1).
Sepharose 4B, Hi-Trap Qand desalting column were purdasedfromAmershamPharmacia Biotech
叩ppsala, Sweden).　Chum salmon (Oncwhynchus keta) eggs were purchased舟om a localnsh market.
Polyvinylidene dinuoride (PVDF) membranes, glassmicrofiber nlters (GF/A),and high-performance thin
layer chromatography (mC) plates of pre-00ated Silica gel 60 were obtained from Milipore, Watman
IntemationalLab (Mddone, England),and Merk (Darmstadt, Germany), respectively.
Isolation of chum salmon egg lectins
CSLs were isolated as described previously (Shiina et al., 2002)咋ig. II-2).　Eggs (2 kg) were
homogenizedwithl L of20 mM TriS-HCl buffer (pH 8･0) containing 0.5 M NaCland centrifuged at 15000
x g for 30min at 4.C･　The supematant wasmixedwithL-rhamnose-Sepharose 4B gel (150 ml),and the
suspension was incubated at 4.C ovemight･　Unabsorbed substances were removed by washingthe gel
with 20 mM TriS-HCl buffer (pH 8･0) containing O･5 M NaCl･ The gel was packed in a glass column,
washedwith20 mM TrisIHCl buffer (pH 8.0)/0.5 M NaCl, and then the absoねd substance was eluted
with02 M L-rhamnose in 20 mM TrisIHCl buffer (pH 8.0)/0.5 M NaCl (Fig. ll-3).　Thefractionswith
signincant absorption at 280 nm were collected･ The lectin舟actions were further purified byanion
exchange chromatography on a Hi-Trap Q column (5 ml, Pharmacia) pre-quilibratedwith50 mM TrisI
HCl buffer (pH 8･0), and elutedwitha liner gradient ofNaCl (0 to 0.5 M) in the same buffer (Fig. ⅠIA).
Unabsorbed斤actionsand absorbed i+actions were collected, respectively. These舟actions were dialyzed
against distilled waterthoroughlyandthen lyophilized･ Absorbed factions were further purined by
reversed-phase HPLC on a TSKgel ODS 120T column (5pm, 4.6 mm x 250 mm) Crosoh, Tokyo, Japan)
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prequillbratedwith0･1% trifh10rOaCtic acid (TFA),and elutedwitha gradient of 21PrOpan01 in 0.1% TFA
昨ig.rl-5,6). Yieldswere l･8 mg forCSLl, 3･5 mg forCSL2,and20.4mg forCSL3.
Preparation of FITC-labeled lectins
LectinS (2 mg)andfluorescein isothiocyanate岬ITC) (1.6 mg) were dissolved in 1 ml of 0.l M
sodium carbonate bu飴r (pH 9.0) and left for 4 h at room temperatureinthe dadL The hbeled lectinand
he FrrC were separated by gel 81tration chromatography on a Hi-Trap desalting coltm (5 mL,
Pharmacia) elutedwith0.1 M TrisIHCl buffer bH 8.0)/0.15 M NaCl at a now rate of 1 ml/min.　The
degree of labeling was estimated丘om measurement of the abso血aM uSinganextinction coefncient for
FrTC at 500 nm of8 x 104 inNaOH containing 1% SDS･
Binding 0fFrTC_lectjn to G z)lecngZar.†f
Binding reaction was carried out in polypropylenemicrofuge tubes atthe totalvolume of 0.1mi
containing the following; spores (2.49 x 105), FrTC-1ectinand PBS (10 mM sodiumphosphate buffer (pH
7.4L 0.15 M NaCl) or TBS (10 mM Tris-HCl (pH 7.4), 0.15 M NaCl)/5 mM CaC12(Fig. IIl7).　The
mkture was incubated for 1.5 h at 20oCand centrifuged at 15000 x g for 20min.　Pellet was washed 3
timeswiththe buffer and solubilizedin0.2 ml of the buffer containing 0.5% SDS by he如ing at 50oC for 5
mh. The amount of bound FITC-lectinwas detemlined by measuringthefluorescence of the solubilized
sample by a spectronuorometer (RFl5300PC, Shimadzu) usinganexcitation wavelengthof 490 nmandan
印Iission wavelengthof5 15 nm (Muramoto etal., 1985).
Circuhr dkhroism (CDI spectroscopy
CD spectra were measuredwitha Jasco J-1725 spectropolarimeter (Japan Sectroscopic Co. Ltd,
Japan) using a O･1-cm quartz cell at room temperature under constant n祉rogen purge. Sample solutions (40
pM) were prepared by dissolving proteins in PBSI CD spectra represent an average of eight scBLnS COllected
in 0.2 steps at a rate of 20 nm/min over the wavelength range舟om 195 to 250 nm of far-UV spectra. CD
spectra were base line-00rrected,and the data are presented asthe meanresidue ellipticities (0).
Detection of sty)re ca血ohvdrates with FITC-lectins
Binding reactions were carried out by the same method as described above. Spores (2.0 x 107)
were incubatedwith20 tlM FITC-lectins at 20oC for 90 minand centrifuged at 15000 x g for 20 min.
Pellet was washed three times and resuspended in PBS.　The suspension was applied thinly on slides.
The slides were visualized on FV 1000 confoCalimaging system (Olympus).
Lectin blotting of I)arasite proteins
G. plecoglossi spores were washed 3 times with PBS. Parasite proteins were solubilized in 150 mM
Tris-HCl (pH 6.8) containing 4% SDS, 10% 21merCaPtOethanol and 20% glycerol by boiling for 60min.
ARer the proteins舟om G. plecoglossi spores were separated by SDS-PAGE,the glycoproteins were
transferred electrophoretically to PVDF membranes Pio-Rad Laboratories, Hercules, CA) for 60min at 0. 1
A using 190 mM gbcine, Tris (25 mM) and 20% methanol, under semidry conditions withTransblot SD
apparatus (Bio-Rad Laboratories, Hercules, CA).　The PVDF membrane was blockedwith5% non-fat
skimmilk in PBS or TBS supplemented with 0.05% Tween 20 (Tween-PBS or Tween-TBS) at 40C
ovemight.　A鮎r washing three timeswithTween-PBS or Tween-TBS,the PVDF membrane was
incubatedwith lectins (20帽血L) at room temperature for 2 h.　ARer washingthree times with Tween-
PBS or Tween-TBS,the membrane was incubatedwithantibody (Abs) against lectin (I :1000) in Tween-
PBS or Tween-TBS at room temperature for 2 h.　After washing three timeswithTween-PBS or Tween-
TBS,the PVDF membrane was incubatedwithhorseradishperoxidase (HRP)-conjugated gotanti-ral)bit
lO
IgG (Wako) (l･'1000) in Tween-Phs or Tween-TBS･　The detection was carried out using ECL Plus
Westem Blodng Detection System (Amersham Biosciences) aaording to the mamufhcttqer's instructions
a鮎r washing three timeswithTween-PBS or Tween-TBS.
Rabbit ervthrocvte ghosts
ErPhrocytes were isolated舟抑圧esh bloodand washed oncewith5 mM sodiumphosphate Q)H 7.8)
containing O･9% NaCL The endvocytes were lysed in 40 volumes of5 mM sodiumphosphate (pH 7.8)
andcentrifuged at 13,000 x gfor20min at4oC･ The ghosts were collectedand kept at -80oC until use.
Rabbit erythrocyteghostsand G. plecqglossi spores were washed three timeswithdistilled waterand
thenincubatedwithchloroform/methanol (2:1) at 4oC ovemight･ The glycolipids were extracted by
sonication for 30 min･　The solution was centrifuged at 15,000 x g for 20 min at 4.Cand evaporated.
The glucolipids were dissolved in aminimum volume ofchlorofonn/methanol (2: I).
Thin-1aver chromatomt)hv nLCI
G吋cosphigolipids were separated by high-performance ltC on a pre-∽ated silica gel 60 (mC)
plate using a developing solvent, chloroform/methanol/water (60:35:8)･ Glycolipids on the plate were
visualized by orcin01-H2SO4 reagent.
rmC blotting
After developing, the HPnC plate was then immersed for 20 secinthe solvent composed of 2-
propanoI/methanol/0･2% aqueous CaC12 (40:20:7, by volume). It was put on a glass plate, after which a
PVDF membrane sheetand then a glassmicronber mter sheet were placed over the plate. The sandwich
was then pressed byaniron heated at 180oC for 30 See Craki etal, 1995).
ResuI也
Binding ofvariouslectins to G. plecoglossi spores
The binding activities of variousIectinS, including ConA (concanavalinA), WGA (wheat germ
aggulutinin), SBA (soybeanaggulutimin), AOL (Aspergillus oyyzae lectin), ConI (conger eel) and ConII
打able IIl2), to G. plecoglossi spores were examined.　These lectins were labeledwithFITC atthe
labeling rations of l･2-813 mol/protein moleculewithout changing their activities. ConA, SBA, Conl,
and ConII showed hight binding activity, 300-600nmolr2.5 x 106 spores o7ig. II-8). Onthe other hand,
RBLs bound tothe spores to much less extent.　AOL did not bind atall asthe control, bovine serum
albumin USA ).
Binding propeny of RBLs to G. plecoglossi spores
The binding prope吋of RBLs to G･ plecoglossi spores was investigatedげig. ll-9). G. plecoglossi
spores were incubatedwithvarious concentrationsofFITC labeled SFL, CSLl, 2,and 3.　FITC-labeled
BSA and ConA were used as the controL ConA showed a high binding activityagainst the spores and
was inl1ibited by D-mannose to a considerable ratio･ RBLs bound to G･ plecoglossi spores in a dose-
dependent marLner.　The binding was signincantb higherthan that of BSA and was not saturable even at
20pM･ The addition of 50 mM L-rhamnose inhibitedthe binding marginally. Sugar inhibitors for
RBLs hemmagglutination were challenged to inl1ibit the binding･tothe spores･ RBLs incubatedwith 0.1
M L-rhamnose, melibiose, rafnnose, D-galactose, L-arabinose,and D-fucose, for 30 min,andthenwithG.
plecoglossi spores foranother 90min at 20oC･ AlthoughSFL was partially inhibited by melibiose, D-
galactoseand D-arabinose as well as Lrhamnose, CSLs were inl1ibited bythem to only marginal extent
(恥IH0)･ These results suggest that sugar chainsexpressed onthe surface of G. plecoglossi spores
ll
have very high atrlnityfor RBLs.　G. plecoglossi spores incubatedwith 20 LAM FITC-RBLs were
examined by a confocal laser scanningmicroscope (Fig. II-1 1). FITC-RRLs distributed uniformly onthe
spore surface･ The fluorescence images could not be differentiated &omthat obtained with FITC-ConA
(dぬnot shown).
Agglutination of G･ plecoglossi spores by RBLs
The agglutination of G. plecoglossi spores incubated by RBLs was observed under a light
microscope(Fig. II-12).　However, the aggregates were much smaller than that formed by ConA. In
the presence ofO.2 M L-rhamnose, the spores were not agglutinated by RBLs.
Effect of heat treatment on the biding activib, of RBLs
RBLs were heated at 90.C for 2h. SFL lost its hemagglutinating activity by the heat treatment,
whereas CSL3 still kept a very weak activity(Table II-1).　A plant lectin, WGA, was inactivated under
the condition.
To explore the conformational change of the lectins upon heat treatment, CD spectra were measured.
RBLs showed aminimal peak at 218 nm, indicating the presence of β-sheet structures.　The peak sh的ed
to around 200 nm upon heat treatment･　These spectral changes explained that the heat treatment
disrupted the conformation of the lectins, which were regarded as the charbohydrate recognition domain
(CRD) of RBLs･ The binding activities of the lectins to G･ plecoglossi spores were measured beforeand
a鮎r heat treatment. The amounts ofRBLs bound to the spores decreased considerably by heat treatment,
thought 20-40% of the binding were still observed (Fig･ II-14).
Ligands for RBLs on G･ plecoglossi spores
G. plecoglossi spores were solubilizedand subjected to SDS-PAGE.　The samples on the gels were
electroblotted onto PVDF membranes and stained by Coomassie brilliant blue Rl250.　There are
severalmajor bands in the range of 15-30 kDa (Fig. II-15).　The PVDF membranes were reacted with
RBLs and the bands were isualized by immunostaining.　CSLland CSL2 gave similar pattems,and the
bands of70 k, 35 k, 19 k and 12 kDa were predominant.　SFL gave a similarpattern, but the 19 kDa
band was very faint.　The stained components might be not only glycoproteins but also ligands for RBLs.
SFL lost its binding activityby chemiCalmodification of disulfide bonds.　CAM-SFL did not react with
none of these components.　The 19 k and 12 kDa bands were not predominant with CSL3.　Con A,
which had highbinding capability to the spores, showed characteristic staining bands at 28 k and 20 kDa,
but did not react with the 35 kDa band.
Glycolipid &action was extracted from G. plecoglossi sporeswith chloroform/methanol (2:1),and
subjected to HPTLC using chlorofonn/methanol/water (60:35:8) as a developing solvent. G. plecoglossi
spores gave two major spots On TLC plates･　Glycolipid fraction was also prepared &om rabbit
erythrocytes.　The two fhctions showed quite different pattems of migrated spots.　SFL showed the
reactivity against these spots accompanying extra positive bands (Fig. 11118).　Con A reactedwith the
glycolipid舟action in a different marLner･ It is interesting to note that SFLand Con A showed opposite
reactivity to the two major spots.
J)iscussion
lt has been reported that lectins &om plants, including Con A and WGA, could interactwith G.
plecoglossi spores (Kin et all, 1999)･ This study showed that various fish lectins, including RBLs and
Con I/II could also bind to G･ plecoglossi spores･ Since Con Aand SBA bound to the sporeswith high
capacity, it is probable that the surface of the spores are abundant in high mannosetype sugar chains and N-
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acetyl galactosamine or D-galactose containing sugarchains･ It is not surprising ifa largeamonts of Con
J and Con II bind to the spores, because they are specific to β-galactosides. AOL, a L-fucose binding
lectin, did not bind to the spores at all, as the negative control, BSA･ RBLs showed significant binding
capabilitiesfor G･ plecoglossi spores, but in much less extent compared withCon land Con II.
RBLs bound to G･ plecoglossi spores in a concentration-dependent mammer, and the binding was not
saturable even at 20FAM RBLs･ It canbe assumed that ～2 x 1013 molecules of RBLs bind to a G.
plecoglossI SPOre･ RBLs bound to G･ plecoglossi spores uniformly to cause agglutination of the spores.
On the contrary to my expectation,the binding of RBLs could not be inhibited efficiently by simple sugars,
thoughthe hemagglutination was inhibited (Fig･ II-12)･　Only L-rhamnose inhibited the binding to
marglnal extents.　This result raised a question whether the binding was specific or nonspecific for the
lectins.　Toanswer this question, RBLs wereinactivated by heating pnor to the binding expenment.
The amounts of bound SFL and CSL3 decreased by 60 and 70%, respectively, while WGA decreased by
over 80%.　These results indicate that major Parts Of the binding functions of RBLsare driven by its
lectin activity, thoughunknown strong interaction between RBL moleculesand the spore surface may exist.
To find out the ligands for RBLs, the spores were solubilized andanalyzed for the interactions
among glyprotein orglycolipid舟action and RBLs･　RBLs reacted with both glycoprotein and glycolipid
&action &om G. plecoglossi spores･ It is obvious that RBLs and plant lectins had different reactivity
toward the丘actions, due totheir specific properties.　The intact conformation of RBLs must be essential
for the interaction withglycoconJugateS aS Shown in this study.
Glycoconjugates are abundant and ubiquitous on the surface of protozoanparasites.　The survival
strategies of protozoan parasites kequently Involve the participation of glycoconJugateS that form a
protective barher against hostile forces (Anuradha et･al･, 2001)･ Frontal atrinity chromatography has
revealed that RBLs canbind to Gb3 (data not show), however, HPTLC analysis showed that the glycolipid
which reacted with RBLs was not Gb3. It is my next target to specify the glycoconJugateS.
lt has been reported that lectins play Important roles in host defense system.　For example, a
mannose-binding lectin(MBL), isolatedfrom the serum of Atlantic salmon, has been shownto have an
opsonizing activity for a virulent strain of Aeromonas salmonicidaand lectin-Coated bacteria induced an
enhanced respiratory burst and were more susceptible to being kiued by macrophages (Ottinger, 1 999; Ellis,
2001). MBL is oligomeric serum lectins having a collagen-like domain and CRD.　Through the
collagen-like domains, MBL associateswith MBL-associated serine protease (MASP).　When MBLI
MBSP binds to carbohydrates on the surface of microbes, MASP acquires proteolytic activity and activates
complement components, C4, C2 and C3･　The activation by MBL-MASP, the lectin pathway, is the
third activation pathway of the complement system (Matsushita et al, 2002).　Activated complements
have opsonizing activity fわr microorganisms･　Leiro et al. (1996) showed that phagocytosis of
microSpOridian spores was mediated by such c∬bohydrate recognition system or the phagocytic cell.
Phagocytosis activib, decreased by changing the I surface spore structures using enzymes or periodate
treatment. Kim et al. (1999) also reported that phagocytosis activitydecreased by the treatmentwith
Con A.　Although this study has demonstrated that RBLsinteracted with G. plecoglossi sporesina
peculiar manner, more detailed study is required to clarify the biologlCal roles of the lectinS.
3. Bioactivity of L-rhamnose-binding lectin on rISh gonal cells
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htroductiotI
Asinmarrunals, the specinc immune reactions of bony鮎h canbe divided into two
compartments,the cellularandthe humoralimmune responsesI Monocytesand Band T lymphocytes
represent the cellular elements,antibodies are the humoral effectors of specinc immune reactions. The
immune response evolves舟omthe interactions between different cell populations of the immune system.
Bioactivity ofL-dlamnOSe>binding lectin on鮎h gonal cells
phocytes represent the cellular elements,antibodies are the humoral e蜘20medeen referred to
as "cytokine cross talk"･　Cytokines are known to function as netwo止s or cascades of interacting
cytokines, which are able to induce each other･　Many cytokine genes havealso been isolated丘om
di飽rent species of bony鮎h. For example,inrainbow trout, two interleukin-1β OL-1β) (Zou et a1., 1999;
Pleguezuelos etal･, 2000), three isoforms of transfoming grow仇factor-β CTGF-β) (Jang et a1., 1994), two
tumor necrosis facter-α CrNF叱), and ILl8 (Laing et al., 2002).　AllanimalswithComplex immune
response, bothvertebratesand invertebrates, must posses at least some cytokines.　However, it cannot be
assumed that lower vertebratesand invertebrates contain the same numberand range of cytokines as
mammals, or that homologous cytokines have the same biological　function　in　different species.
Cytokines such as the proinnammatory cytokines (e.g. IL-1β, rL-6, rL-8 and TNF-α), released as part of
the innate immune response may be universal, or at least havefunctionalequivalentinloweranimals
(Kdser, 2004).　hdeedthe existence of these cytokines has been reported inthe trout.
It has been reported that some lectininduces cytokinesinimmune cells,andthat T cell-mediated
hepatitis induced by concanavalin A (ConA) involvesthe production of proinflammatory cytokines.
Endogenous cytokines secreted by ConA administration invivo include TNF-ち ILl, IL-2, IL-6,
granulocyte macrophage colony-stimulating factor,and interferon y (IFN-Y) OJOuis etal., 1997). A L-
rhamnose-binding lectin (RBL)斤om grass carp (CtenophaTyngOdon iddlus) ovaries inducedthe expression
ofIL12 and rNF-a,and had themitogenic effect on mouse splenocytes. On the other hand, rL-1βand
TNF噌gene expression were induced inperitonealexudate cells by glass carp lectin O.am etal., 2002).
Inthis study, the authors investigatedthe bioactivityof RRL on rainbow trout gonalcells (RTGl2);




RTG-2 cells were provided by Dr･ Nakamura (Kitasato University). SuperScriptTM one-stepwith
pLatirum㊤ Taq was purchased &om lnvitrogen. Propidiumiodide (PI) &om Sigma (St Luis, MO), cell
counting kit (WSTl1)from Dojin(Kumamoto, Japan), celldesk LF coated withcollagen I舟om Sumilon
Olokyo, Japan),and Aqua-Poly/Mount from Polysciences Inc. (Waminton, PA) were used forthe
experiments. RPMI 1640 Medium斤om Nissui PhamaceuticalCrokyo, Japan), L-glutamine舟om Wako,
fetal bovine serum (FBS)斤om Biosource,and trypsinfrom Gibco (U.S.A) were used for cell culture.
FITC-labeled RBL was prepared as described in chapter H.
Cell culture
RTG-2 cell line, an established丘broblastic-like cell line (ATCC, CCL 55) derived斤om gonadal
tissue of rainbow trout (Oncorjmchus mykiss) (2n-60) was used. Cells were grown on RPMI 1640
supplemented with1 0% of FBS, L-glutamine (2 mM), at its optimum grow temperature, 20.C.
Bindhlg OfRBL to RTG-2 ceHs.
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RTG-2 cclls were grown in culture plate (Celldesk LF)･　Coverslips reaching near confluent were
washed withphosphate buffered saline (PBS(-)) twice･　The coverslips were incubated in methanol
chilled t0 -20oC for 5 minand dried.　The coverslips were covered with 50 tLl ofFITC-labeled RBL with
orwithout 0.2 M L-rhamnose, incubated at 20.C for 3 h,andthen washedwithPBS(-)three times. FITC-
labeled bovine serum albumine (BSA) was used as a control.　The coverslips were then incubated with
50 tll of diluted PI at room temperature for 5 min･ ARer washingwithPBS(-) three times, they were
mounted ontothe slides with Aqua-Polynvlountand visualized on MRC-1024 confocal imaglng System
(Bio Rad Laboratories, Hercules, CA)･
血盟ay__for cytotoxic activity
RTGl2 cells were grown in 96-well microtiter plates･　When the cells reached nearconnuence,the
culture mediumwas replaced with 100 tll of the medium containing various concentrations of CSL3･
Aaer incubated at 200C for 48 h, 100 l↓l of complete medium containing O･25 M WSTll, 0･01 mM 1-
methoxy-51methylphenazinium methysulfate (PMS)and 2ll4-(hydroxyethyl)- 1 lPiperazinyl]ethanesulfonic
acid (HEPES) (pH 7.4) was added onto the cells and incubated f♭r another 3 h･ A鮎r WST-1 reacted
with dehydrogenases in the living cellsand gave a chromophore, the chromophores of WSTll were
measured by absorbance at 450 nm (Fig･ III-1 )･
RNA extraction
RTG-2 cells were collected into a conical polyproplylene tubeand the tube was centrifuged at 3000 x
g･ After removal of the medium, the cells were washed with ice-Cold PBS･ The cells were lysed with
400 pl oflysis buffer consisting of 10 mM Tris-HCl buffer (pH 8･0), 10 mM NaCl, 3 mM MgC12and
vanadylribnucleoside complex (VRC)andincubated at 4oC for 5 min･ To themixture was added 20 pl
of lO% lgepal CA-630and vortexed for 30 sec･ Themixture was centrifuged at 15000 x g at 4.C for 5
min and the supematant was transferred into a microfuge tube･ To the mixture was added 2 x ProK
buffer containing 200 mM 1 M TrisIHCl buffer (pH 7･5), 300 mM NaCl, 25 mM EDTA, 2% SDSand
proteinaseK･ The mixture was incubated at 37oC f♭r 40 min° Phenol was added to this tube and
vortexed for 3 min.　Themixture was centrifuged at 15000 x g at 20oC for 3 min and the aqueous phase
was transferred to a microfuge tube. Phenol-chloroformmixture (I:1, V/V) was addedand the tube was
vortexed for 3 min, followed by centrifuged at 15000 x g at 20.C for 3 min･ The extractionwith phenol-
chloroformmixture was repeated･ A洗er aqueous phase was transferred to amicrofuge tube, it was
mixedwith 70 tAl of3 M sodium acetate and 700 tll ofisopropanol･ The mixture was incubated at -80oC
for 5min, followed by centrifuged at 15000 x g at 4.C for 10 min･　The resulting RNA pellets were
washedwith 80% ethanol,air-dried,and dissolved in RNase &ee water.
Reverse transcription-polymerase chain reaction (RT-PCR)
Reverse transcription and polymerase chain reaction was carried out using the commercial kit
(supterscriptT" one-step RT-PCR with Platnum@Taq kom lnvitrogen)･ The primers used to amplifythe
CDNA &agmentare listed in Table IH-1･ Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
served as an internal control.　PCR was carried out with 25 pl mixture and 25 cycles or 30 cycles of
exponential amplification were performed･ The cycling parameters were as follows: denaturation at
94oC for 30 see (also 5min before the first cycle), annealing at 47oC for 30 see, 720C for 1 min,with an
additional 7min final extension at 72oC.　The amplified products were analyzed using 1.5% (W/V)
agarose gel electrophoresis.　The gel was stainedwith ethidium bromideand the intensities were
visualized under UV illumination.
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Results
Detection of RBL binding site
RTG-2 cellsfixed on the coverslip were incubated with 50トll of 2 l▲M FITC-labeled CSL3 for 3 h at
20.C and then washed with PBS (-) three times.　PI was added to stain nucleiand washedwithPBS(-)
three times.　The cells were observed with a confocal laser scarLning microscope (Fig. Ill-2).　FITCI
CSL3 was detected on the whole surface of RTGl2 cells.　Preincubation of FITC-CSL3with L-rhamnose
for lh at 20 oC, did not inhibit the binding sufficiently.　FITC-BSA did bind withRTG-2 cells.
Although 0.I M L-rhamnose was enough to inhibit hemagglutinating activityof 2 l▲M CSL3,the inhibition
by L･rhamnose could be not observed, indicating that the surface of RTG-2 cells had more specific sugars
than L-rhamonose.
Cytotoxicityof CSL3
CSL3 showed no cytotoxicity in a low dose, but weak one in high dose (Fig. III-3).
Cytokine gene expression
ARer RTG-2 cells wereincubatedwith various concentrations of CSL3 at 20oC for 24 h, total RNA
was extracted &om the cells (Fig. Ill-4).　Semi-quantitative RTIPCR was carried out (Fig. Ill-5).　The
band intensities ofGADPH expression in CSL31treated cells were the same (GAPDH served asaninternal
control). IL-8 and ILlβl gene were expressed in control cells, indicating that IL-8 and IL-1βl gene
were constantly expressedinRTG-2.　However, CSL3 induced IL-8 gene expression significantly ln
RTG-2 cells above 0.5 LIM, but not IL-1β1 gene.
Discussion
lt has been reported that RBLs agglutinated Gram-negative　and Gram-positive bacteria by
recognizing the structures of lipopolysaccharide (LPS)and lipoteichoic acid (LTA) on their surfaces,
respectively (Tateno et al･, 2002; Shiina et al･, 2002)･ Three RBLs, named STLl, Slt2 and STL3, were
isolated斤om the steelhead trout (Oncorhynchus mykiss) eggs and their tissue distribution showed that
STU had different distributionand expression profiles舟om those of STL2 and STL3 (Tateno et a1., 2002).
Although STLI could be detected in several tissues and cells such as spleen, thrombocytes, blood
leukocytes, and serum of both maleand female steelhead trout as well as in the ovary, the STLl mRNA
was restricted to the liver. In contrast, proteinsand mRNA of S'm2and STL3 Were detected in the
cytoplasm of oocytes, but not in o仙er ovarian tissues･　STLs were mainly localized in the cortical
vesicles in the oocytes of all stages,and were then released into the perivitellin space just a洗er fertilization
(Tateno et a1., 2002)･ These results indicate that SrILl expressed in the liver is transported to the immune
system and oocytes via the blood stream･ On the other hand, STL2 and STL3 are ovary-specific proteins,
whichare expressed specifically in the oocytes and accumulate in the cortical vesicles.
In this study, the author investigated the role of RBL in cells by using CSL3, which corresponded to
STL3. Firstly, the author examined the interaction between CSL3 and RTG-2 cells uslng a COnfbcal laser
scannlng microscope.　CSL3 bound to the surface of RTG-2 cells uniformly and this binding could not
be completely inhibited by L-rhamnose･　The result suggests that there are higher afrlnitybinding sites
than L-rhamnose in the cells.　Although RBL has been revealed to interact with Gb3 by frontal affinity
chromatography, the sugar chain is not known to be present on RTG-2 cells.　The other reason for the
highaffinityis a clusterglycoside effect･ The recognition of a simple sugar by a lectin is usually in a
very low aFlnityrange.　Conversely, complex oligosaccharide, neoglycoproteins as well as saccharide
clusters, bind lectins in high affinityrange (Duverger et a1., 2003).　The stringent demands imposed by
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Iectin structure and the nature of protein-Carbohydrate interaction, namely weak monovalent binding
activities and large distances between binding site, make construction of multivalent ligandsthat bind with
higha伐nity(Lundquist and Toone, 2002 )･
Secondly, the author investigatedthe effect of the binding of CSL3 to RTG-2 cells. It has been
reportedthat RBL丘om grass carp (Ctenopharyngodon idellus) ovaries induced a motogenic response in
murine splenocytes (Lamet all, 2002)･ However, CSL3 did not possessmitogenic activity. Low
concentration of CSL3 could not influence cell viability, while highconcentration of CSL3induced weak
cytotoxicity. It may be probable that CSL3 possesses cytotoxicityin vivo, because the concentration is
enough to cause the activity invivo･ The difference offunctions between CSL3 and grass carp lecth
may be due tothe cell lines used. In other cell line from fish, CSL3 may be involved in other functions,
such as a mitogenic activity.
In rainbow trout (Oncorhynchus mukiss), IL-1β, IL-8and TNFα gene have been discovered.　The
author made the primers of IL-lPl and ILl8 and investigated that whether CSL3 induced cytokine gene
expression by seml-quantitative RT-PCR or not･ CSL3 induced IL-8 gene expression in RTG-2 cells
above 0.5 llM in a dose dependent manner, bul仙e expression orIL-1βl gene was not induced.　Laing
et al. (2002) reported that the gene of IL18 constitutively express in rainbow trout spleen, heat, liver, heat
kidney and gill. The author fbumd that CSL3 localized not only in ova町, but also in liver (data not
shown), indicating that CSL3 expressed in ovary might circulateinblood.　Those results shows the
possibility that CSL3 induced the expression of IL-8 gene in various tissues.
Chemokaine are a group of small secreted cytokines that controlthe traffic of immune cells via
interaction with GIPrOtein coupled receptors･ ILLS invitro exhibits multiple effects on neutrophils,
including inductions of shape change (Thelen et a1., 1988), release of lysosomal enzymes (Peveri et a1.,
1988), induction of respiratory burst (Schr6der et al, 1987), generation of superoxideand hydrogen
peroxicide (Thelen et al･, 1988), and generation of bioactive lipids (Schr6der et al･, 1989),and increases the
expression of adhesion molecules on neutrophils (Detmers et al･, 1 990; Paccaud et a1., 1 990; Mukaida et a1.,
1998). IL･8 enhances transendothelialmigration of neutrophils by inducing rapid shedding of L-selectin
(Huber et a1., 1991). IL-8 also enhanced the grov^h-inhibitory activityof neutrophils to Candiada
albL'cans (Djeu et a1., 1990). ILl8 has chemotactic activities for basophils (White et a1., 1991)and IL-3-
or GM-colony-stimulatating factor-primed eosinophils (Warrinaga et a1., 1991).　However, the
pathophysiological relevance of the effects of IL-8 0n basophils and eosinophils remains elusive. IL18
induces invitro chemotaxis of CD4+ and CD8+ human peripheral blood T lymphocytes (Larsen et a1.,
1989). In addition, Ⅰし8 i血ibits IL-4-induced lgE production by nomal B lymphocytes (Kimata et a1.,
1992).
On the o也er hand, it has been shown that several cytokines, including IL-1α, IL-1β (Fukushima et
a1., 1997), IL-2, ILl3, IL-4, IL16, ILl7, TNFα and TNFβ, possess lectinl1ike activities (Table III-2).
These cytokines allow the specific association of their receptor with other molecular complexes containing
the oligosaccharide ligand and able to generate the cytokine-specific signaling･ For example, Fukushima
etal･ (2001) indicated that IL-2 recognized both the high-mannose type glycanwith five or six mannosyl
residues on IL-2 receptor (x subunit and its specific peptide sequence.　The formation of IL12lIL-2Ra
complex via dual recognition may be a trigger to form the high-afrlnityreceptor complex which consists of
all constituents required for the cellular signaling･ It has been reported that ILl1βand TNF(1induced the
expression of IL-8 gene･　But IL-1βwas not affected by CSL3.　Although the author have not
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examined whether CSL3 induced the expression of TNFα gene or not, a possible mechanismthat CSL3
induces the expression of ILl8 gene in RTG-2 cells eanbe proposed･ First, CSL3 may induce the
expression of TNF(ユ, followed by TNFαinduces the expression of IL-8 gene･ Second, CSL3 may
interactwithILllβ or/and TNFα receptor via carbohydrate chain, thereafter, IL-8 is induced.　The author
lS going to study further to establish this mechanism.
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Fr&Ction bunbeJ. (4 nL each)
Fig･ I-2･ IsohtioD Of aytL IectibS by afrlhity cbromatogmphy OJI L-
rbmbOSe Sepbrose 48. The lec血S (SFL) were absorbed on L-rhamI10Se
4B gel (90 mm)for 24 h at 4 0C in a batchwise,andthenthe gel was placed in
aglass column (2.5 X 22.5 cm). SFLs were elutedwith0･2 M L-rhamnose in
20 mM TriS-HCl buffer (pH 8.0) containing O･5 M NaCl･
0　　　　　20　　　　40　　　　60
ReteAtiontime (miD)
Fig･ I-3･ PurirICatioA Of SFL hy anioJI e王Chhge ChroJnatOgraPhy oD a Ei-
Trap Q column. The lectins (SFL) obtained from affinitychromatograophy
were further puriAed byanion exchange chromatography on a Hi-Trap Q colum(5







































































Fig･ 114･ PurirICatiom of SFL by ahioTI e王Cbange cbromatography o" Ⅱi-
Trap Q coltlmn. The lectinS (SFL) werefinther purified by amion exchange
chromatography on a Hi-Trap Q colum (5 ml) equilibratedwith20 niM TriS-
HCl (pH 8.3) and eluted witha NaCl linear gradient (0一0･5 M) inthe same
buffer.
Fig. Ⅰ-5. SDSIPAGE of SFL under nob-reducing and reducing


















Table L I. Purification of ayu (sweet鮎h, PlecogZossus altivelis) egg lectins.
Ptdfication step Protein (mg)　　Totalactivity書　　Recovery (%)　SpecirlC activity+'Purification fold
Extract　　　　　　　　　　47 5 ,3 00　　　　2,284,000　　　　　1 00　　　　　　　　5　　　　　　　1
レRhamnose･ Sepharose 4B　　　　80　　　　　390,000　　　　　　30　　　　　　　853　　　　　1 776
Hi･Trap Q　　　　　　　　　　　60　　　　　550,000　　　　　　24　　　　　　9 197　　　　　1 9 1 6
+ Obtained by multiplyingthe hemagglutination titer against 2% rabbit erythrocyte
suspension bythe total volume of the solution.
H Total activity/mg of protein.
Absorb&tLCe &t 280 tLm
























































































































































voyager Spec刑PP ≡ 30240･3, 1538q
264dO　　　　　　　　3m
M▲暮t tndz)
Fig･ I-7･ DetermabadoB Of the molectlhr -sS of SFL by MALDI-TOP
mass spectrolhetry･
Table Il 2. Inbibition of hemaggltJtimation activity oI
SFL by saccharides･
Saccbaride mM a
L-Rha m nose 0. 1
Mel i biose　　　　　　　63





a Inl1ibition of hemagglutination activityby
saccharides (niM)
b D-Mannose, trehalose, D-N-acetylglucosamine.



















































Fig, I･9･ Reversed-phse EPLC of peptides generated by digestion of CAMISFLwith AchromobacteT
proLease I･
Peptides were separated by reverse-phase HPLC on a TSK gel ODS 120T colum (5 pm, 4.6 X 250 mm) using




















































































































































Fig, Ⅰ･10･ Reversed-phse EPLC of peptides genemted by digestion of CAM-SFLwith ebdoproteinase
Arg･C.
Peptides were separated by reverse-phase HPLC on a TSK gel ODS 120T coluzm (5 pm, 4.6 X 250 mm) using
agradient ofacetonitrilein0.1% TFA. Flow rate was I mumin.
0　　　　　　　　30　　　　　　　　60　　　　　　　90　′　　　　　　120　　　　　　150
Retention time (min)
Fig'Ⅰ･11･ Reversed-phase HPLC of peptides generated by digestion of CAM-SFLwith endoproteinase
Asp-N.
peptides were separated by reverse-phase肝LC oふa TSK gel ODS 120T column (5 pm, 4.6 X 250 mm) using



































































Lys-X: CAM-SFL digested withAchromobacterprotease, Arg-X:
CAM-SFL digestedwithendoproteinase Are-C,Asp-X: CAM-SFL
digested withendoproteinaseAsp-N. Values arc molecular masses
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ヲLPJ TYDltEOQR▲▲I Nlossv川YI S▲NYORTDNVTIvsGNYTNQI YNTNCI NPNTLPSVGh4･lNGK
TJ(. ･ Eh'VVtEOOSASI dG^QTI KT川^71YGATDSTYlsTGRPOSQLLNTNCYTSDTLNKVAAOIDHL
SFL-･..............,一一_....I..............__...______ー___　__　_
TSIsLDASNAVFTDPIvGTYKYL.DVTYTl･
;iiii ilL'Nhiiもiiiihi-ykiLi;論壇も　Fig･ Ⅰ-13･ Comparison ofamino acid sequences ofRBLs.
::::::::: ::::::::::::::: :::::: SFL: Ayu (sweetflSh,Plecoglossus altivelis) egg lectin, OLL: olive rainbow smelt
:二二:::::::二:::二:: :二二: : :::::二:: (Osmerus lanceolatus mardax ) roe lectin, SAL: catBsh (Silurus asotus ) egg lectin,
STL: steelhead trout (伽corhynchus mykiss) egg lectin, CSL: chumSalmon
(Oncho吻′nchus keta) egg lectin, WCL: white-spotted charr (Salvelinus
















































SAL･DI(]195)  . ･ ･ ･ I ･ ･ - ANhrT
S▲L心2(96･190)‥‖‖ - ･ NY▲V
Sノ山心)(L?l･285) ･- - - - KEレV
STl.lJNtl･舛)　‥ ･ hrSEI QkRFL
STLl･M(9ゝ19)) ･- - ･ ･ StCKVT
STLl･C(L92･289) ･ - - -. fCTSI





CSLl･Mt妃･】山)日日･ ･ - Stu(VT
CSLl{tlBト286) ･･ A A - - KTSI
CSL2lN()J99)　= - I ･ - TAYVT




WCl.1･H(舛･)92) ･･ ･ I ･ - SKKVT










































































……;T‡…‡ ; ; IY……Iv;‡汀……:㍗;
CG 汎2�AmGRC �7��C �2�DPCGTYKYI.VYC 
㍑L CRD motif
Fig･ I-14. Multiple alignment of RRL CRDs.
The bottom panel shows highly conservedamino acid residues of the RBL CRD motif.
SFL: Ayu (sweetfish, Plecoglossus altivelis) egg lectin, OLL: olive rainbow smelt
(Osmerus lanceolatus mardax ) roe lectin, SAL: catflSh (Silurus asotus ) egg lectin,
STL: steelhead trout (Oncol･hynchus mykiss) egg lectin, CSL: chumsalmon
(Onchorhynchus keta) egg lectin, WCL: white-spotted charr (Salvelinus Leucomaenis)




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































ChumSalmon (Oncorfzynchus keta) eggs
Homogemizedin20 mM TrisIHCl (pH 8.0)/0.5 M NaCl
i
Atrimitychromatography on L-rhamnosc-Sepharose 4B
Fig･ Ⅱ-1. GIArgeq PLecogLosst'spores.
Glugea plecogLossI Spores
I
Elution buffer : 0.2 M L-rhaJTnOSein20 mM TriS-HCL
bH i.0) /0.5 M NaCl
Dialyzcd and lyophilized
I
Anion exchange chromatography on Hi-Trap Q





Reversed-phase HPLC on C4
I
Elution solvent : gradient of2-propanolin0.1% TFA
Lyophil ized
I
ChumSalmon lectins (CSLl, CSL2and CSL3)
Fig. ⅠⅠ-2. PurirLCation of lectiJIS from chum salmon (Oncorhynch〟S
keLa) eggs.
1 4　7 1013161922252331313740434649525553
FrActiob Bumber (4 mI. ead一)
Fig. II13. bhtiotI Ofchtlm Salmon egg lectins by afrIJ)ity
cbromatogmpby otl L-rhamnose Sepharose 48･ 1もe lectins (CSLs) were
absorbed on L-rhannose 4B gelfor 24 h act 4 0C in a batch-wise,andthenthe
gel was phcedinaghss colum (2.5 X 22.5 cm). CSLs were elutedwith




Fig. II｣. PurirICation of CSLs by anion exchange chromatogmphy
ob a Hi-Trap Q columtL. CSLs obtained丘om afrlmity
chromatograophy were further pudfied byanion exchange
chromatography on a Hi-Trap Q colt- (5 ml) equilibratedwith20




















































Fig･ Il-5･ PuriJicatiom o- CSLs by reyerd-pbse肝LC･
Absobed血ction obtained from anion exchange chromatography
was血血er puri丘ed by reversed-phase lDLC on a TSKgel ODS
120T coltlmn (5 LLm, 4･6 X 250 mm) using a gradient of2-propanol
in0.1%TFA. Flowratewas 1 mI/min.










Fig･IT17･ BibdiAg e王Penment OE FITC-lectin to GL"gen pLecogLossL'
spores
BSA SFL CSLI CSL2　CSL3　Conl ConlI ConA WGA SBA AOL
Fig･ II-8･ Binding of various lectins to GLugea pLecogLossi spores･
Lectins (10 PM) were incubaltedwithGlugeapLecoglossi spores (215 x 105)･
SFL: Swee瓜sh (Ayu) lectin, CSL: chumSalmon lectin, Con上, rI: Conger eel
galectin I, II, ConA: concanavalin A, WGA: wheet germ agglutinin,































































































ConccJltmtion ( LL M)
0　　5　10　15　　20　　25　　　　　　　　　　0　　5　10　15　　20　　25












ConcebtritioD ( FL M)
o    5    10   15   20   25
CotLCentmtion ( JL M)
Fig. II-9. htemctiotL Of FITC-RBLswitb GLugea pLecoBLossi spores･
Various concentrations ofFITC-RBLs, (A) SFL, (B) CSLl, (C) CSL2, P)
CSL3 , and plant lectin, (E) ConA, were incubated withGZugea plecogZossi
spores (2･49 x 105) inthe presence or absence of50 mM L-rhamnose.




Fig. It-10. Effect of sugars (100 mM) om the binditLg Of FITC-RBLs to
GLugeapLeeogLosst'spores･ After incubating withvarious sugarS (100 mM),
for 30 min, 10 PM RBLs weremixed withGlugeaplecoglossi spores (2･5 x
































































lI  dT,  IT'.  bI  I.  '.  ll  I.  I.  I.  Ii.  '.  I.  I.  '.  I.  ll.  I.  I.  J.  '.
l.  H.  1',  I,  I.  I.  '.  ll  '.  I.  I.  ll  '.  II  r.  I.  'I  I.  Iii'1  I.  '.
enlargement　　　+ 0.1 M L-rhamnose
Fig･ ⅠⅠ-11･ Visualization of FITC-RBLs bound to GLLLgea PLecogloss'.
spores. Scale bars sh0- 10トIm･
､■､t L3+-;}i～=tli.:-;a:35Si;Sf'Si3:::i}:'･--Ii遍
Fig. ll-12. Agglutination of GL"gen plecogLoss, spores by RBLs.
Scale bars show loo pm.
(a) SFL (b) CSL3
Tatlle 班-1. ⅡemaggllJtiJIatitLg activity of RBLs before and after beat
treatment.
SFL (pM)　　　CSL3 (pM)　　WGA (pM)
Native 0. 04 +　　　　　　0.04　　　　　　　　　0.02
Heattreated　>10　　　　　　　　5　　　　　　　　　>10
書Minimumconcentration (l▲M) required for hemagglutinating activity･










Fig. ⅠⅠ-13. CD spectra of RBLs before and after heat treatment.
Measurement was performed at 25oC byuslng a 1-mm quartz cell.
The lectin concentrations were 5 pM.







Fig･ II-14. Eqecl of heat treatment on the binding activity ofRBLs to
G. pLeeogtossl'sporeS The lectins were heated at 90oCfor 2 h. SFL(a),
CSL3(ち)and WGA (C) were incubated withGlugea plecogIosst'sp?res
(2.49 x 105) beforcand a氏er heaLt treatment. The lectinConcentrat10nS
were 10 pM.
Hemagglutinating The degree ofFITC-　Sugar binding speciGcity
activity (pM) ～  labeling
(moles of FITC / protein)
Ayu SFL
Chum salmon CSL 1
CSL2
CSL3

























5.0　　　　　　8 IGIcNAc > NeuNAc
8･3　　　　　L-Fuel,6 > L-Fuel,2
10.2
'Minimum concentration required for hemagglutinating activity (pM).
L-Rham : L-Rhamnose, Meli : Melibiose, Lac: Lactose, DIGal‥ D-glactose, D-
Man: D-mamOSe, D-GIc : D-glucose,- GalNAc : N-acety1-D-galactosamine, L-Fuc:














































































































































Fig･ II-15･ SDS-PAGE oE GLugeq pEecogLossl. SPOreS･
15% Separating gel was used.
SFL CAMISFL CSu CSL2　　CSL3　　　ConA
Fig･ II-16･ Detection of glycoproteiDS Of GLugeq ptecogLossL'spores
with RBLs and ConA. Numbers on the bothsides indicate molecular
weight or standards.
SFL: Sweetfish (ayu) lectin, CAM-SFL: S-carboxamidomethylated SFL,



















Fig･ tI-17･ mC of glycolipid fmctions derived from rabbit
erythrocytes and Glugeq ptecogLossi spores･ HPTLC plates were








Fig. I1-1 8. Reactiyity of lectinswith glycolipid factioJIS











Fig･ tIIll. DevelopmeJ)t Of chromophore from WST-1with dehydrogeDaSe.
Ol) FITC-CSL3 (C)FITCICSL3 + 0.I M LIRJl&tnnoSe
Fig. IIIl2. RTG-2 cells incubatedwith FITC-CSL3. The concentrations





Fig.止IJ. Cytotoxicity of CSL3 and CAMICSL3 on RTG-2 cells as
meaStlred by WST-1 Assay.
Table ⅡⅠ-1. The pnmer seqtLeACeS and fragment Size.







































Fig･ ⅡⅠ-4･ Total RNA extracted from RTG12
cells.
OSot Qか++Q♂0㌔や++｡謹｡ヽ〆bう++ ､畑♂や++
Fig･ Ill-5･ Imductiot1 0f cytokine gene expression in RTG-2
cells by CSL3.
TAble IIIl2･Lectin activides of cytokitLeS.
Cytokh Oligo組CCh ride ligAn d F皿Ctions
IL- 1 α　　Glycans of uromiuline disialyhted Pro-,TshqarysC,nytS:濫ics
biantermary T-1ymphocyte acdvaIion






IL-4　　　　1 ,7 intramolecular lactone ofN-
acetyl neuraminic acide







Stimulation ofproliferation of T cells
Activation of a cells iLnd NK cells
Stimulation of grow血and differmtiation of hematopoietic stem
cells
Pro-in瓜aJnmatOry CytOkine
Regulation of B lymphocytes
Proliferationand production antibodies
Induction of the proliferation of T cell
Pleiotropic cytokine
lmmunity, hematopoiesis and in瓜aqtnation
Development ofbothTand a cells
Activation and migration of lymphocyte and leukocyte
Differentiationand apoptosis
Isolation and characterization ofL-rhamnose-binding lectih from Spamish JnaCkerel
(ScombemmoTl0uS nipbonit)S) eggs
Takatomo唱迫基金● Hiroaki T進≡型a'Tomohisa O逸ら遡基● Koji M型RAMOTq● and I Hisao
KAMIYA''
'Department ofBiomolecular Sciences, Graduate School ofLlfe Science, Tohoku UniversioJ, Sendai
981-8555, Japan
''school ofFisheries Sciences, Kitasato UniversiO,, Sanriku, Iwate 022-01 01, Japan
千 To whom correspondence should be addressed. Koji MURAMOTO, Tel 皮 Fax: 81-22- 717-8807; E-
mail: muramoto@biochem.tohoku.ac.jp
＼
Abbreviations: BSA, Bovine serum albumin; CAM, S-Carboxamidomethylated; a CHCA, :Cyano14-
hydroxyclnnamic acid; CRD, Carbohydrate recognition domain; CSL, Chum salmon egg lectin; DHBA,
2,5･Dihydroxybenzoic acid; DMB , 1 ,2-diamin0-4,5-methyl,ene dioxybenzene; DTT, Dithiothreitol ; EDTA,
Ethy]enediamine tetraacetic acid; HPLC, High-performance liquid chromatography; kDa, Kilodalton; ME,
-Mercaptoethanol; MALDI-TOF, Matrix-assisted laser desorption ionization time offlight; NANA,聖-
acetylneuraminic acid; NGNA,聖一glycolylneuraminic acid; PA, Pyridyl amine; PE, Pyridyl ethyl; SA,
Sinapinic acid (3,5-dimethoxyl41hydroxycinnamic acid); SDSIPAGE, Sodium dodecyl sulfate
polyacrylamide gel electrophoresis; SML, Spanish mackerel egg lectin; STL, Steelhead tout egg lectin;
SUEL, Sea urchin egg lectin; TFA, Trinuoroacetic acid; Tris, Tris-hydroxymethyl-aminomethane; WCL,
White･spotted charr egg lectin;
A novel L-rhamnose-binding lectin, named SML, was isolatedfromthe eggs of Spanish mackerel
(ScomtxromorotlS niphonius) by affinitychromatography and ion-exchange chromatography. SML was
composed of201amino acid residueswithtwo tandemly repeated domains, and contained 8 halftys
residues in each domain. Each domainhas the same disulnde bonding pattern; CyslO-Cys40, Cys20-
Cys99, Cys54{ys86 and Cys67{ys73 were located inthe N-terminaldomain, and CyslO8-Cys138,
Cysl17{ys195, Cys152-Cys182 and Cys163-Cys169 were located in the C-terminal domain.
Furthermore, SML had a consensus sequence (Asn-X-Thr) for N-linked glycosylation site atAsn1 68 in the
C-terminaldomain･ The sugar chain was containing N-acety1glucosamine, D-mannose, D-galactoseand
l
N･acetylneuraminic acid･ This study proved to be the first glycoproteinand established the positions of
the disulGde bonds belonglng tO L-rhamnose-binding lectinfamily･
蜘鮎　animal lectin; rhamnose-binding lectin; Spanish mackerel; glycoprotein; disulfide bonds; N-
linked sugar chains
Carbohydrate recognition occurs in a large number of different biologiCalcontexts. Lectins are a
group of sugar-binding proteins that recognized specific carbohydrate structuresand agglutinated a variety
ofanimalcclls by binding to cell surface specinc sugars･ Many HclassicM lectin families have been
known such as galectinsl), C-type2), I-type3) and P-type4) Iectins, etc･ In addition, a novel animallectin
family, which has different structuresand charactersfromthose knownfami1ies, has been discovered舟om
鮎heggs.
Egg lectins have been found in over 25 Species of nsh belonging to orders Cluperiformes (families
Cluperidae5), plecoglocidae, Osmeridae6)and Salmonidae7-10J4)) and Cypriniformes (families Cyprinidaell)
andCobitidae12))･ Most of them showthe binding a爪nityforL-rhamnose13-14)･ They also recognize
C-2and C-4 pymose analogous ofL-rhamnose, e･g･, L-arabinose, D-fucose, and D-galactose. L-
Rhamnose binding lectins in nsh eggs have been proposed to be involved in various biologiCalfunctions.
The rhamnose-Specific lectins found in trout eggs may play physiologiCalroles not only in eggs, butalsoin
Various cells related to the irmate immunity15117)
These lectins are composed of two or three tandemly repeated domains, which consist of about 1 00
amino acid residues･ These domains have been found not only in nsh egg lectins but also in sea urchin
egg lectin･ Furthermore these motifs have been found in vertebrates (Homo sapiens), model invertebrate
(Drosophila melanogaster, Cannorhabditis eleganS), and model plant (Arbidopsisthaliana) ¶leSe
domains share highly conserved eight half<ysteine (Cys) residues and severalconserved amino acid
SequenCeS･
In this study, we focused on the biochemiCalcharacterization ofa novel rhamnose-binding lectin,
named SML, isolated斤om Spanish mackerel (Scomberomorous niphonius) eggs. SML wasthe nrst
gbcoprotein belonging to rhamnose-binding lectin family. Furthermore, we reported at Grst timethe
positions ofdisulfide bonds ofa member of this lectin family'which is very Important determinant for the
threeJimensional structure of proteins.
地臨地幽鹿
Materials･　The eggs were obtained &om nsh market in Okayama, Japan･ Achromoba迦
2
pTOtCaSC I, Shphylococm auretJS V8 proteasc and _-L血ose monohydrate were pumhsed丘om Wako
Chemicals (Osalq Japan)･ Hi Trap Q column, ConA-Sepharose coltm and Sephadex G-15 were
purchased bm Amersham Pharmacia Biotech･ Ⅳppsala, Sweden)･ TSK gel ODS 120Tand TSK gel
AmideJO columns were舟om Tosoh (Tokyo, Japan)･ Glycopeptidase F, PA-glucose oligomers (3-22
glucose units),and PA-sugar chains, P-acetyllactosamine, biantenary (#009)) were purchased舟om Takara
shuzo Co.畔yoto, Japan)･ TPCK-trypsin, chymotrypsin, andpepsin were purchased舟om Sigma Aldrich
(Steinheim, Germany).
tsol血on ofS甲nish mackerel e要望lecdn･ Eggs (300g) were homogenized in 800miofi托-COld 20
mM Tris-HCl buffer (pH 8･0) containing O･5 M NaCl (TBS)and centrifuged at 1 5,000 x g for 30min at 4oC.
The supernatant was mixedwithL-rhamnose-Sepharose 4B gel (～50 ml),andthe suspension was incubated
at 4oC ovemightwithgentle shaking･ Unadsorbed substances were removed by washingthe gelwith
TBS. The gel was packed in a colum (3.0 x 10 cm), washedwithTBS,and thenthe adsorbed substance
was elutedwith O12 M L-rhamnose in TBS･ The舟actions with signincant absorption at 280 nm were
collected, dialyzed against distilled water,andthen lyophilized･ The lyophilisate was dissolved in 7 ml
of 20 mM TrisIHCl buffer (pH 8･0)just before anion exchange chromatography on a Hi-Trap Q column
(1ml) pre-equilibratedwith20 mM TriS-HCl buffer (pH 8.0).　The column was elutedwitha linear
gradient ofO to IM NaCHn the same buffer･ Eachpeak was collected, dialyzed extensively against
distilled water, and lyophilized･ During the purification steps, protein concentration was measured by
the Micro BCA ProteinAssay Reagent Kit (Pierce, IL) using bovine serumalbumin (BSA) as a standard.
HemaRl!luthation assay and inl1ibition甲Say A 4% suspension of rabbit eTythrocytes was prepared
inO･15 M NaCl･ Samples (50 _I) (2-fold serial dilutions in O･15 M NaCI) were mixed with50 J ofcell
suspensioninroumd-bottommicrotiter plates (96-well) by agitation for 30 Sand hemagglutination was
measured after incubation for 30min at room temperature･ The titer was deBned asthe reciprocal value
of the end point dilution causing hemagglutination･ For a sugarinl1ibition test, sugars or glycoproteins in
O･15 M NaCl (25 ｣) were mixed with 25 _1 ofSML by agitation for 15min before adding the rabbit
eqthrocyte suspension･ The inhibitory effect was expressed asthe mimimum concentration required for
complete inl1ibition of hemagglutination activitywith titer 3 ,
Molecular mass meaSurementS Ofproteins TTle mOlecularmass ofSML was measured by s∝lium
dodecyl sulfate polyacrylamide gel electrophoresis (SDSIPAGE)and matrix-assisted laser desorption
ionization time of night (MALDI-TOF) mass spectrometry Ⅳoyager-DETM STR, Applied Biosystems).
1
SDS-PAGE was done bythe method ofLaemmli18) using a 15% separating gelinthe presence or absence
of2-mercaptoethanol (2-ME),and protein bands were stainedwithCoomassie Brilliant Blue R-250.
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Amino且Cid sequenChg SML was reducedand modifiedwithmonoido acctomide (CAM) or 4-
Vinylpyridine (PE) (Ruegg and Rudinger, I 977).
CAM-SML (0･5 mg) was digestedwithAchromobacter protease I (10 _g, S侶- 50 : 1) or
Staphylococcusaureus V8 protease (10 ｣;, S侶- 50 : 1) in 500 ｣ of20 mM TriS-HCl buffer (pH 8.0) at
37oC for 16 h･ PEISML (0･5 mg) was digestedwithtrypsin (Sn: - 50 : I) underthe same conditions.
Fu血more, CAM-SML (0･5 mg) was digestedwithN-glycosidase F (5 mU) in 500 _1 of20 mM Tris-HCl
buffer (pH 8･0) at 37oC for 16 h･ Then, Endproteinase Arg-C (5 _g)斤om Clostridium histolyticum
畔oche Diagnostics, Mannheim, German) was added to 0.5 mg ofdeglycosylated CAM-SML (S侶- 100 :
I) in 40_1 of 100 mM Tris-HCl buffer (pH 7.6) containing 10 mM CaC12.　The solution wasmixedwith
10 I of the activating solution andincubated at 37oC for 16 h.
Each digest was separated by reversed-phaLSe high-performance liquid chromat9graphy (HPLC) using
l
agradient ofacetonitrile in O･1% trinuoroacetic acid CTTA)･ The amino acid sequences ofproteins and
pePides were determined by a gas-phase proteinsequencer (PPSQ- I 0; Shimazu).
Identification ofN-linked glycosylalion site of SML TTIC digestwith Achromobacter protease I
of CAM-SML was applied to a ConAISepharose column (5 mm x 35 mm, 0.8 ml) pre一明uilibratedwith 20
mMTris-HCl buffer (pH 8･0) containing O･15 M NaCl and 1 mM CaC12. The glycopeptide bond
specillCally tothe coluhn was elutedwith 1 00 mM methyl-:D-mannopyranosideand separated by
reversed-phase HPLC･ An aliquot of the purified glycopeptide was lyophilizedand dissolvedwith 40 ll
0f 10 mM Tris-HCl buffer (pH 8･0),and then digestedwith N-glycosidase F (1 mU) at 37oC ovemight.
The aminO acid sequences and molecular masses of intact and deglycosylatedpeptide were detemined by a
gasIPhase protein sequencer (PPSQ-I 0; Shimadzu) and MALDI-TOF mass spectrometry Ⅳoyager-DETM
STR, Applied Biosystems)･ 2, 5-Dihydroxybenzoic acid (DHBA) (gentisic acid) dissolved in a 30%
ethanol at a concentration of I 0 mg/ml was used as matrix.
Neutral and amino su掌ar COmpOSition analysis of SML Neu血1and amino sugar composition
analysis was carried out using 2-aminopyridine as a preぺ氾1umn labeling reagent according tothe method
ofSuzuki etal19)･ The derivatized sugars were separated by HPLCwith a TSKgel SugarAXI column
汀osoh)･ The condition for separation was an isocratic solvent consisting ofO.7 M boric acid, adjusted to
pH9.0with potassium hydroxide, and acetonitrile (90 : 10) at 650C at a flow rate ofO.4 ml/min.　The
detector was set at excitation wavelength of310 nmand emission wavelength of380 nm･ N-
Acety1galactosamine, N-acetylglucosamine, D-glucose, D-galactose, D-mannose, L-fucose and xylose were
used as reference sugars.
Sialic acid analysis of SMl･　Sialic acidanalysis waLS Carried out using 1 2Jiaminol4,5-
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methylene dioxybenzene PMB) according to the method ofHara etal20).　DMB-sialic acid was
separated by reversed-phase HPLC on a TSKge1 0DS 120T column (4.6 X 250 mm) usinganisocratic
solvent system ofacetonitrile-methanol-water (9 : 7 : 84) at 40oC at aflow rate of I.0 ml/min.　The
detector was set at excitation wavelengthof373 nmand emission wavelengthof448 nm.　NI
Acetylneuraminic acid (NANA)and N-glycolylneuraminic acid (NGNA) were used as reference sugars.
Structtml analysis ofN-linked sugar chain of SML nle N-linked sugar chainsof SML were
]iberatedwithenzymatic digestion･ SML (5･O mg) was digestedwith5 mU ofN-glycosidase Fand
separated by reversed-phase HPLC on a TSKge1 0DS 120T column (5 _m, 4.6 mm x 250 mm)using a
gradient ofacetonitrile in O･1 % trifluoroacetic acid CrFA).　Every 2 mlfractions ofeluate were collected.
An aliquot (10 J) ofeach舟adon wasanalyzed by the orcin01-sulfuric acid method, and the fractions
including carbohydrate were lyophilized.　Fractions containing carbohydrate were combined and
lyophilized.
Pyridylamination of sugar chains were carried out according tothe method reportedwithaminor
modification19)･ The pyridylamino (PA) derivatives ofsugarchains were subjected to gel mtration
chromatography on a Sephadex G-1 5 column (1 8 mm x 200 mm) pre-quilibratedwith 50 mM
CH3COONH4, and eluted at a now rate of6 mlnl･Analiquot of(10 _I) ofeachfraction was injectedto
reversed-phase HPLC on TSK gel 0DS 120T column (4･6 X 250 mm), and monitored by
spectronuorometer at 320 nm asanexcitation and 400 nm asanemission wavelength.　EIution was
performed at aflow rate of 1 ml/min at 55oC using two solvents, 10 mM sodium phosphate buffer (pH 3.8)
(solvent A)and 10 mM sodiumphosphate buffer (3.8) containing 0.5% 1-butanoI (solvent B), with a linear
gradient ofO to lOO% B for 20 min at aflow rate of 1 ml/min.　Fractions including PA-sugar chain were
lyophilized, and dissolved in 1 00 J of distilled water.
The separation of pyridylamino derivatives was carried out using two kinds of columns; a reversed-
phase HPLC column and a size一片actionamide HPLC column･ PA-glucose oligomer (3-22 glucose
units), PAISugar Chain 009 were used as standard.
tktermindion of the positions of disulnde bonds of SML Thepeptides鮎gments containing
disulnde bonds were prepared bythe following three methods and these amino acid sequences were
determined by a gasIPhase protein sequencerand MALDI-TOF mass spectrometry.
(Proteolysis by the combined used of pepsin and trypsin)　SML (1 mg) was dissolved in 500 J of 16
mM sodium acetate buffer (pH 3･0) containing 2 M urea,and digested with pepsin (S侶- 100 : 1) at 37oC
for 16 h･ The reactionmixture wasmixedwith12 J of 1 M TriS-malate buffer (pH 6.5),and further
digestedwith TPCK-trypsin(S侶- 50 : 1) at 37oC for 16 h. The digest was separated by reversed-phase
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HPLC
岬eptic digestionand gel-mtrationanalysis)　　SML (1 mg) was dissolved in 1 ml of50 mM sodium
acetatebufferbH 215) containing 3 M urea,and digestedwithpepsin(S侶- 100 : 1) at 37oC for 16 h.
The reaction mixture was separated by gel mtration chromatography on a Superdex 75 column (34 FL m,
16 mm x 300 mm)with 20 mM sodium acetate buffer (pH 6.0) at a now rate ofO,5mi/min.　Then, each
hction was separated by reversed-phase HPLC
(Chymotryptic digestion)　Chymotrypsinfrom bovine pancreas was dissolved in water (1 mg/mi).
SML (1 mg) was dissolvedinl ml of20 mM Tris-HCl (pH 810)and digestedwith50 ｣‡ ofchymotrypsin
(S侶- 20 : 1) at 37oC for 3 h, andthenanother 50 ｣; ofchymotrypsin was added and incubated ovemight
at 37oC.　The digest was separated by reversed-phase HPLC
W
lso】ation and characteriz出ion of SML
A lectin舟adion was obtained from the Spanish mackerel eggs by means of a餌nitychromatography
onL-rhamnose Sepharose 4B (Fig･ 1-A)･ Then, the斤action was further purified byanion exchange
chromatography on a Hi-Trap Q column (Fig. 1-B)and SML was separated as an adsorbed single peak.
SML showed strong agglutination activityagainst rabbit erythrocytesand gave a single major band at near
24 kDaandtwominor bands at 21-23 kDaon SDS-PAGE in the absence of2-ME (Fig.2)　The yield of
SMLfrom 300 g of eggs was 2.9 mg (Table 1). Inthe hemagglutination inhibition assay using rabbit
e叫ocytes, L-rhamnose was the most potent monosaccharideinhibitor for SML (Table 2).　Melibiose,
ra爪nose, L-arabinose, D一galactose and D-fucose, which possess the same hydroxyl group orientation at C2
抑d C4 0fthe pyranosering structure ofL-rhamnose,also showed inhibitory effects.　Onthe other hand,
other monosaccharides tested, such as D-mannose, GIcNAc, showed no inhibitory activity even at
concentrations of200 mM.　SML lost its hemagglutination activityby heating at 60oC for90血in.　No
appreciable change was seen in the hemagglutinating activityby the treatmentwith1 00 mM EDTA (data
notshown).
Amino acid sequence analvsis
The enzymatic digests of CAM-SMLwithAchromobacter protease I and S.am V8 protease were
separated by reversed-phase HPLC as shown in Fig. 3-A and Fig. 3-B, respectively.　Deglycosylated
CAM-SML wasalso subjected to digestionwith endoproteinase Arg-C andthe generated fragments were
purified by reversed-phase HPLC (Figs･3IC)･ PE-SML was subjected to enzymatic digestionwith
叶psin to get overlaps･ The generatedpeptides were separated by reversed-phase HPLC as shownin
Figs.3-D･ Isolatedpeptides were analyzed by MALDIITOF mass spectrometry. The sequerM
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determination of the peptide舟agments derived from various enzymatic digestions allowed to establish the
complete amino acid sequence ofSML as shownin Fig･ 4･ The SML subunit was composed of201
amino acid residueswitha molecularmass calculated to be 22,109 Da, which is in good agreementwiththe
value (22,089 Da) obtained舟om MALDI-TOP mass spectrometry･ SML contained 16 halトCys residues.
SML was a gbcoproteinwitha glycosylation site atAsn1 68.
Neutraland amino sugarComposition analysis of SML
Intact SML was hydrolyzedand derivatizedwith2-aminopyridine (PA). PA derivatives were
analyzed byanion-exchange HPLC (Fig･ 5)･ The result indicates thatthe sugar composition ofSML
corresponds tothat of a typical N-linked sugarchain consisting ofN-acety1glucosamine, D-mannose and
D-galactose atthe ratio of3.0 : 3.0 : 2.0.
Sialic acid analvsjs ofSML
Sialic acid of SML wasanalyzed by reversed-phase HPLC as its nuorescent derivative ofDMB (Fig.
6)I DMB derivatives ofNANAand NGNA were used as referenceand result indicatesthatthe sugar
chain of SML is composed of NANA.
Identification ofN-linked glycosylation site of SML
CAM-SML was digestedwithAchromobacter protease Iand subjected to a ConA-Sepharose lectin
column which could bind mannose-00ntaining sugarchains specificauy･ The adsorbed舟拡tion were
analyzed by reversed-phase HPLC (Fig･ 7)･ Thepeptide which adsorbed to ConA-Sepharose was
analyzed by MALDI-TOP mass spectrometry･ The positive-ion spectrum ofadsorbedpeptide is shown
in Figure 8l The positive-ion spectrum shows majorpeaks in the range ofm/Z 35004600. The amino
acid sequence of the adsorbedpeptide which was deglycosylated by enzymatic digestionwith N-
gbcosidase F was determined to be NDCTIEASNLVFGDPCVGIYK (Asn167-Lys187).　The mass
spectrum of the deglycosylatedpeptide was 2576･7 Da, which is in good agreementwiththe calculated
molecule mass of the deglycosylatedpeptides is 2577.2 Da.　Furthem0re,the observed m/Z 2576.7 atthe
positive-ion spectrum (Fig1 8) agrees with the molecularmass (Mr, 2577.2) ofNN(-
GIcNAc)CTIEASNLVFGDPCVGIYK (Asn 167-Lys 1 87).
Structuralanalysis ofN-linked sugar chain derived from SML
The 2-aminopyridyl sugar chains derived &om SML were characterized by the combined use oftwo-
dimensional HPLC technique withreversed-phaseand amide columns･ PA-derivativesfrom SML gave
severalpeaks at the positions of about 9･5 glucose units on reversed-phase HPLC (Fig. 9-A). The PA-
sugar chains gave two peaks atthe positions of about 6･0and 7･O glucose units, respectively, on size-
fractionation HPLC (Fig･ 9-B)･ Based onthe results from 2D HPLC mapping and MALDI-TOP mass
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SpectrometTy,the structures Ofthe sugar chainsderived舟om SML were proposed as shownin Table 3.
Determination of the tmsitions of SML disu)fide bonds
The peptide舟喝mentS COntaining disulnde bonds were prepared forthe assignment ofdisul瓜de
bonds bythe following three methods･ The proteolysiswith bothpepsinand trypsin assigned the
positions of3 disulnde bonds (CyslOICys40, Cys20-Cys99,and Cys152-Cys1 82). TYle pePtic digestion
and gel-mtration chromatography determinedthe positions of 3 disulGde bonds (Cysl O84ys138, Cys163-
Cys169,and Cys67-Cys73). The chymotryptic digestion identinedthatthe positions of2 disulnde
bonds (Cys54lCys86 and CyslO81Cys138)･ The structuralanalysis of the peptides separated from three
proteolytic digests allowed to locate thefu1l set ofdisulnde bonds ofSML (Table.4).　SML h早d 8
disulnde bonds inthe molecule, and the two tandemly repeated domainshowedthe same disulnde bonding
pa伏em･
触弧
Fish egg lectins have been found in over 25 fish species and reponed5-12)･ In 1998, Tateno et al.
reponed a novel lectin familyfrom steelhead trout eggs that recognized L-rhamnose14)･ since then,
several L-rhamnose-binding lectins have been isolated from some Salmonidae eggs, white-spotted charr
andchum salmon eggslO･21) Inthis study, SML was isolated &om the eggs of Spanish mackerel
(Scomberomorus niphonius) of the Perciformes.　The subumit ofSML was composed of201amino acid
residues (Fig. 4).　CD spectrum showed that SML wererich in IStruCture (data not shown)　The
subunit of SML was composed of two tandemly repeated homologous domains in the sequence.　This
structuralmotifis similarto that of other nsh egg lectins.　Trout egg lectins are composed of three or two
tandemly repeated domains consisting of about loo amino acid residues. Tateno etal. suggested that the
repeated domainitselfwas a carbohydrate recognition domain (CRD), which could recognize a rhamnose
unit17).
lt has been reported that Rsh egg lectins have severalisoforms; STL1 -3from steelhead trout eggs,
CSu～3from chum salmon eggs, and WCLl and WCL3from white-spotted charr eggs.　AlthoughSML
accompaniedwithminor proteins of about 2 I -23 kDa by SDS-PAGE analysis,they could not be separated
even by reversed-phase HPLC or gel filtration HPLC.　These protein bands were assumed to be
deglycosylated SML･ No indication of the existence of any isolectin could be found during the
sequenclng･ On the basis of these result, it is concludedthat Spanish mackerel eggs contain only one
rhamnose-binding lectin, whish is a glycoprotein, differing from other fish eggs.
The molecular mass ofSML about 24 kDa measured by SDS-PAGE and MALDl-TOP mass
spectrometry was higher by about 2000 Da than the value (22,089 Da) predicted bythe amino acid
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sequences･ The amino acid sequence ofSML has one consensus sequence (Asn-X-Thr) at 168th-170th
residue for N-linked glycosylation site･ ln fact,Asn168 0fSML was identified to be the glycosylation
site bythe sequence determination of the peptide kagment derived Bom the intactand deglycosylated
protein･ This is the first glycoprotein showing a rhamnose-binding activity from Gsh eggs, though the
glycoproteinwith N-acetylglucosamine binding activityhas been isolated from the eggs of carp (Cyprinus
c叩io)22).
The sugar composition and structuralanalysis of SML showed lausible N-glycanstructural pattems,
GaI2GIcNAc2Man3GIcNAc2 (Mr, 1 72 1 ･52)･ In addition, the sugar composition analysis demonstrated
that the sugar chain contained N-acetylneuraminic acid residue.　This result accorded with the molecular
mass estimated with the glycopeptidefrom ConA-Sepharose (Fig. 8).　The calculated molecular masses
of the glycopeptides or NN(-GIcNAc2Man3 GIcNAc2 Ga12NeuAcx)CTIEASNLVFGDPCVGIYK
(Asn167lLys187) are 4287･42 Da (X = 1)and 4578.68 Da (X - 2), which are in good agreementwith the
values (4290･38 Da and 4582･13 Da) obtained by MALDI-TOP mass spectrometry in Figure I1-32. This
result indicates that the sugar chains of SML contained N-acetylneuramimic acid residues at the
nonreducing temini, and were most abundant in SML.
Although the significance for the presence ofN-linked sugarchain of SML has not been understood
yet, sugar chaindoes not seem to effect on carbohydrate binding activityand dimerization of the lectin.
Many researchers have been studied about the biologlCal roles ofN-linked sugarchains from various
proteins23-24). The N-linked sugar chains have been shown to modulate and stabilize protein secondary
structures such as _-turns, facilitate protein-protein interactions, mediate intercellular transport of
polypeptides,and increase protease resistancy. In addition, there is a report describing enhancing of the
thermal stability ofproteins by the sugar moiety. In fact, SML was more soluble against aqueous
solution than o仙er rhamnose-binding lectins. There is no data about biological RInCtions orthe N-linked
oligosaccharide from SML･ L-Rhamnose-binding lectins &om fish eggs are generally very hydrophobic,
and tend to be less soluble in water.　This characteristic solubilityofSML may be relatedwith its
glycosylation on the molecule･
Disulfide bonds in proteins play an important role in the foldingand refolding ofproteins, and further
in establishing and maintaining three-dimensional structures.　Therefore, the identification of disulfide
bonds is very Important in the structuralcharacterization ofproteins.　STLs, CSLs and WCLs are
composed ortwo or three tandemly repeated homologous domains, which consist orabout 1 00 amino acid
residues14). SUEL has been isolated from sea urchin (Anthocidaris crassispina) eggs25). The lectin
also has homologous domains which are linked by a disulfide bond on N-termini･ Multiple s.equence
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alignment of the domain constitution of rhamnose-binding lectin family wasperformed by Clustal W
program26) (Fig･ 10)･ This alignment shows that the domainhas highly conserved eight half-cystine
residueslO)･ This study established the positions of the disulGde bonds ofSML, for the flrSt time as a
member of the rhamnose-binding lectin fami1y･ The N-terminal domain of three tandemly repeated ones
in STLl, CSLl, and WCLl, and SUEL have different non-conserved half-cystine residues. It is assumed
that the N-terminal domainofthese lectins has distinct tertiary structureandfunctionality comparedwith
the domains which have conserved eight half-cystine residues.
The carbohydrate recognition domain (CRD) motifofrhamnose-binding lectins has been
characterizedlO). The CRD motif has the highly conserved 8 half-Cys residuesand several highly
conserved segments at homologous positions･ (Fig･ 10)･ In addition to disulfide bonds pattem, sequence
variability and hydropathy profiles within the related protein sequences show new conseⅣed segments･
The sequence ofAla-X-Tyr-Gly-Arg and the 3rd half-Cys residue of eight half-Cys were characterized as
highly hydrophilic segment in the N-terminalreg10n. The 3rd half-Cys residue is not conserved in the
N-terminal domainof SrIL 1 , CSL I and WCL 1 , which have three tandemly repeated domains.
Interestingly, a bivalve lectin, PPL, which is homologous to rhamnose-binding lectins but without
rhamnose-binding activity, lack of the disulfide bond formed by the lst and 3rd half-Cys residue57). The
disulfide bond formed by the 5th and 6th half-Cys residue created another highly hydrophilic segment･
TheN-linked sugar chain ofSML attached to this segment･ This segment may form a smau loop
structure in the protein surface･ These two highly hydrophilic segments might be involvedina ligand
binding activityl　0n the other hand, the segment corresponding to the sequence,AspIPro-Cys-X-Gly-
Thr-Tyr-Leu-XIX-X-Tyr-X-Cys, might be involved in maintaining the fold or the interaction between
subunits･ The 7thand 8th half-Cys residue form the disulfide bonds togetherwith 4thand 2nd half-Cys
residue, respectively. The sequence also contains three Tyr residues and one Leu residue.　This
segment may be involved in the fわld maintenance or the interaction between subunits.
The hydropathy inference is in good agreement with the peptides containing the disulfide bonds,
which were formed by the 5th and 6th half-Cys residue, and the lst and 3rd half-Cys residue, Were not
retarded strongly on the reversed-phase HPLC column･ Meanwhile, the peptides contahing the disulfide
bonds formed by the 4th and 7th half-Cys residues and 2nd and 8thhalf-Cys residues were adsorbed on the
column strongly.
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Figure Il2. hrirLCation of Spanish mackerel egg lectiJl by aWImity
cbromatography oD a L･rhamnose･Sepharose 4B column･
EluliotL buffer : 0.2 M L-rhBLmBOSe ill 20 mM Tris-HCl (pH 8･0)




Figure I-3. PurirlCation of Spanish mackerel egg lectin by ion-
exchange chromatography on a Hi･Trap Q column.













































a: Obtained by multiplying the hemagglutination titer against 2% rabbit erythrocytes by the totalvolume of the solution.
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Table I･2･ IJIhibition of hemagglutinatib activity of SML by saccbarides･
a Minimum concentradon of saccharides required for complete
inhibition
b D-Mannose, trehalose, D-N-ace(ylglucosamine･
c Glycoproleins such as fetuin and mucin type ll.
0　　1 0　　　20　　　30　　　40　　　5¢
RetetLtion time (min)
Figure I-8. GeI爪Itration chromatograplly Of SML on a Superdex1
























Figure I･9･ SDS･PAGE of SMI, cross-linkedwith a homo
bifunctional reageBL
SML was dissolved in 50 LL 1 of0.1 M biethanolamine (pH
8.0) at a concentradon of 0.25 mg/ml and reactedwith50 fL I
of dimethyll3,3 '-di-thio-his propionimidate (DTBP) (5 ･0, 10･0
mg/mi) in 0. I M triethanolamine. The reaction wasallowed
to proceed for I h at room temperature and stopped by adding





Figu･e I-Ill Separation of peptides generated by digestiotI Of CAM･
SMLwith AchTOmObacter protease I. peptides were separated by reversed-
phase HPLC on a Wakosi1 5C4-200 coluTTn (5 Jl m, 4･6 X 250 mm) using a gradient of
























































Figtlre I-12･ Separation Of peptides generated by digestion of CAMI
SMLwith S･ aweus V8 protease. peptides were separatd by reversed-phase
HPLC on a Wakosi1 5C4-200 column (5 LE m, 4.6 X 250 mm) using a gradient of
acetoni打ile in 0.1% TFA. Flow rate was 1 mt/miJl.
0　　1 0　　20　　30　　40　　50　　60　　70
Retemtiom time (mim)
Figure I-13. Separation of peptides generated by digestion or
deglycosylated CAM･SMLwith endoproteinase Ar貰-C. peptides we1℃
sepaJ'ated by reversed-phase HPLC on a Wakosi1 5C41200 columJl (5 JL m, 4.6 X 250


























































































Figure I･14･ Separation of peptides generated by digestion or
deglycosyhted CAM-SMLwitb S･ aweus V8 proteikSe･ Peptides were
separated by reversed-phase HPI･C on a Wakosi1 5C4-200 coILlmn (5 FL m, 4･6 X 250
mJTL) using a gradient ofacetonibile in O11% TFA･ Flow rate was 1 mJ/min･
0　10　20　30　40　50　60　70
Retemtiom time (mim)
Figure I･15･ Separation of peptides getlerated by digestion Of PE-SML
with trypsin･ Peptides were sera.ated by reversed-phase HPLC on a TSKge1 0DS
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Figure I･17. Summary of sequence detemination of SMI..
Lys-X: CAM-SML digested withAchromobacter protease I; V8-X: CAM-SML digested withS. aureus
V8 protease; RN-X: deglycosylated CAM-SML digested withendoproteinase Arg-C; VN-X: deglycosylated
CAM-SML digested withS･ aureus V8 protease; TRP-X: PE-SML digested withtrypsin : TRN-X:
deglycosylated CAM-SML digested withtrypsln.
Values are the molecular masses measured by MALDI-TOP mass spectrome叩･ Values in parenthesesare









































































































































































































































































Figure II･23･ Neutral and amiJ10 Sugar analysis of SML･





Figure IIl24･ NedraJ and amino sugaranalysis･
Pyridylamino derivatives of the standard sugar.were subjected to anion-
exchange chromatography･ GalNAc: PAIN-acetylgalactosamine, Xyl:
PAIXylose･ GIcNAC: PA-N-acetylglucosamine, Glu: PA-glucose, Man:





























Figure II125. Sialic acid analysis of SMI..





Figure IIl26. Sialic acid analysis.
DMB derivatives of the staJldard sialic acid were subjected to
reversed-phase HPLC･ NGNA: DMBIN-glycolylneuramimic




























Figtlre II-5. Separation OE the adsorbed fraction from ConAI
Sepharose chromatography･ The digest of CAM-SML widl
Achronwbacter protease l was subjected to ConA-Sepharose andthe
adsorbed丘ac也on was separated by reversed-phase tIPLC om a
TSKgel ODS 120T colurrm (5 LL m, 4.6 A 250 mm) using a gradient of




Figure IIJ. Separation of the tLnadsorbed fraction from CoIIA･
Sepharose chromatography. The digest of CAM-SML with
AchromobacteTI PrOteaSe I was subjected to ConAISephaJ10Seandthe
unadsorbed fraction was separated by reversed-phase HPLC on a
TSKge1 0DS 120T colunu (5 FL m, 4.6 X 250 mm) using a gradient of
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Figure II･7･ MALDI･TOF mass spectrum of the adsorbed peptide on ConA･
Sepharose in negative･ion mode.
Fig. 8
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Figure II･8･ MALDI･TOF mass spectrum of the adsorbed peptide on ConA･
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Fi卯re II･13･ HPLC chromatogram of PA･sugar chains derived froJn
SML otm TSKgeI ODS 120T column (4.6 I 250 mm).




Figure II･14･ HPLC chromatogram of PA･glucose oligomers (DP =
3-22) om a TSKgel ODS 120T coJumn (4.6 Ⅹ 250 mm).



























































Figu'e II･15･ HPLC chromatogram of PAISugar Chain 009 0n a
TSEgel OJ)S 120T column (4.6 Ⅹ 250 mm).
The number onthe peaks is glucose units.
0　　　　1 0　　　　20　　　　30　　　　40　　　　50　　　　60
Retemtiom time (mim)
Figure II-16. HPLC chromatograms of sugar chains derived from
SML orL a TSKgeI Amidel80 column (4.6 X 250 mm).









































































Figure II-17･ HPLC chJ･OmatOgram Of PA-gltICOSe OIigomers (DP =
3-22) ob a TSKgel Amide･80 column (4.6 Ⅹ 250 mm).
The number onthepeaks is glucose units･
0　　　　1 0　　　　20　　　　30　　　　40　　　　50　　　　60
Retemtiom time (mim)
Figure II-18. HPLC chJ.OmatOgram Of PA･sugar chain 009 0n a
TSKgeI Amide･80 ColumJl (4.6 I 250 mm).
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Figure IIl20･ MALI)Ⅰ･TOF mass spectrum of PA･sugar chains derived
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Figure II･21･ MALDIITOF mass spectrum oE PA･sugar chains derived
from SML. DHBA was used as a matrix.
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Galβ1･4GIcNAcβ1･2Manα1･6     FUG α1.6
GaLPl｡G.cNAcPL2Manα1.TanP1-4GIc"AcβL4GIc"Ac 13･8　7･4 1883･72
Figure II122･ Structures of sugar chains corresponding to the number of 2･D map･
No･00l and No･100･1are structures which are proposed for the sugarchains from SML ;













Figtlre I1-27･ HPLC of PAISugarChains derived from SML on a
TSKgd ODS 120T coILLmn (4.6 Ⅹ 250 mm).
The numbers onthepeaksare glucose units.
1 5　　　　30　　　　45　　　　60　　　　75　　　　90
Retemtiom time (mim)
Figure I1-28. HPLC of PA･glucose oligomers (DP = 3-22) on a
TSKge1 0DS 120T column (4.6 X 250 Jnm).

















































































Figure II-29･ HPLC ofsugarchains derived from SML ob a TSKgel
AmideJO columb (4.6 Ⅹ 250 mm).
The numt"rs on the peaksare glucose units.
0　　1 0　　20　　30　　40　　50　　60　　　70
Retemtiom time (mim)
Figure IIl30･ HPLC of PA-ducose oligomers (DP ≡ 3-ll) on a
TSKgd Amide･80 CoILLmn (4.6 Ⅹ 250 mJn).








































































Voyqer Spec刑lBP = 1723.5, 9183】
GdPIJGlcNAc β 1-2 Mddtd･6
MAJtβl JG]cNAcβl JIGIcNAc




Figure II･31･ MALDI･TOF mass spectrum of PAISugar Ctlains
derived from SML. DHBA was used as a matrix.









































G叫114GIcNAc p l･2 Mana1-6
MaTIPl･4GIcNAcβ1･4GIcNAc　9･4
GIcNAc B l･2 MaTtα1･3
GIcNAc B 1-2Mand･6
ManP1-4GIcNAcPll4GIcNAc　9･6
GAIPIJGIcNAc P l･2 Manα1･3
Ga岬114GLcNAc P 1-2 ManoLl･6
MarLPll4GIcNAcP1-4GJcNAc lO･2













































Table III･l The positions of disulfide bonds of SML
Disu)ride bond Peptide fragment Ca)cuhted fragment peptjde mass









｡ ‥i:-l｡ ‥`二　=-=-:----≡こ二二三二三二二Il.;=-A__::__ ,二三三_∴こ_:__ __:_I_書こ_C(163)･C(169)　　　　　　　　　　　　　　1855.0　　　　1855.0












































































































































































































































Figure III･28･ Multiple alignment of the separated domain of rhamnose binding lectins.
Tandemly repeated domains of RBLsare separatelyaligned for comparison. Shadow boxes indicate con.served
cysteine residues･ Underline indicates N-linked glycosylation site･ Sequences were aligned with Clustal W and
alignment score was 124066･ SML: Spanish mackerel (Scomberomorous nl.Phonius) egg lectin･, STL: steelhead
trout (Oncorhynchus mykiss) egg lectin; CLS: chum salmon (Oncorhynchus keta) egg lectin; SAL: catfish (Silu,us
asotus) egg lectin; WCL: white-spotted charr (SaLvelinus leucomaenis) egg lectin; TBL: fareastem dace
(Tribolodon taczanowskii) egg lectin; SUEL: sea urchin (Anthocidaris crassispina) egg lectin; PPL: mantle of
penguin wing oyster (Pteria Penguin) lectin; LPH: α llatrotoxin recepter from rat (Rattus nonJegicus); LPH2: α -




Figure IV･1. Hierarchy of higher categories of fishes.







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































200 LL g/mL +20 mM Rha
Figure IV12･ Sensorgrams showing the interactions Of SML and STLs
with immob祉ized L･rhamrLOSe.Lectins were injected onto the sensor chip
at various concentrations_ (A) SML. (B) STLl. (C) STL2. (D) STL3.
Tablerv･l KD eStima(ed by the interaction Of SMLwith immobili2:ed L-
rhamnose･ Data were Bt to association and dissociation models to obtain ka
and kd･ KD Was Calculated from these parameters･
Mr,　kd (LJMs)　kd (1/S)　KD (M)
SML　　23.7 kDa 1.32E+06　　0.70E･02　　5.29E-09
STL1　31.4 kDa　　6.70Ed6　1.10E･02　1.67E.09
STL2　　2 1.4 kDa　　4.54E+07　　2.73E･02　　6.03E. 1 0



















































































































































GPSR-0 I : 5 '-GCATCCACGTCAGACAGAATCAATCTGGTT-3 '
GPSR-02 : 5 '1;AACGAGCTCGTCAATCGCTCATCTTGTGT-3 '








た後､ APクロモゲンバッファーで2回洗浄した｡ NBT/BCIP (DIG標識核酸抽出キ







で5分間洗浄した｡次に8種類のレクチン､すなわち､ concanavalin A (Con A),
Dolichos biflorus agglutinin (DBA), Lens culimaris agglutinin (LCA), Peanuts
allutinin agglutinin (PNA) , Soybean agglutinin (SBA) , Ulex europaeus agglutinin
(UEA-1),恥eat germ agglutinin (WGA), Phaseolus vulgaris agglutinin (PHA-E4)
を､ 5〟g/mlおよび10〃g/mlに調整してスライドグラスに載せ､ 1時間インキュベ-
トした｡反応終了後､ pBSで5分間洗浄し､ 50〝1のfluoresence avidinD (5〝g/ml

























































































































が関与するという報告は多数ある(Beuth et a1., 1995)｡微胞子虫についてそれを
裏付けた論文はないが､本研究は十分それを示唆するものである｡しかし､結果の解
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貫通して筋肉層に移行する胞子原形質(矢印)0 ISH､ Bars - 20〝m｡ 3 :上皮内のメ
ロゴニーステージ(矢印)｡感染14日目｡アステリスクは側線腔を示す｡ H. E.染色､




粘膜下組織に移行する胞子原形質(矢印)｡ ISH､ Bars ≡ 20〟m｡ 7 :腸管の粘膜固有
層に形成された幼君なキセノマ(矢印)｡感染21日早｡ H.E.染色､ Bar=100FL恥8 :
崩壊過程のキセノマ｡おそらく食食されている多数の胞子(矢印)が観察される｡感
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